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EXECUTIVE SUMMARY 
This research investigated a novel combustion system for gasoline direct injection spark 
ignition (DISI) engines. This combustion system burned an unthrottled, stoichiometric, 
homogenous charge at part load, in comparison to the unthrottled,lean, stratified charge 
burned by conventional DISI engines. Unthrottled homogeneous operation, enabled by the use 
of variable valve timing. allowed high fuel efficiencies to be achieved while addressing the 
particulate emissions, poor combustion stabilities and NOx after-treatment issues associated 
with stratified charge DISI engines, when compared to the port fuel injection (PFI) engines they 
are replacing. 
Experiments were performed to quantifY the bulk in-cylinder air motions, determine their 
effect on the fuel spray, and examine the resulting air-fuel mixture preparation of various early 
inlet valve closing (EIVC) and late inlet valve opening (LIVO) strategies that were suitable for 
controlling engine load under homogeneous engine conditions. 
A broad matrix of engine conditions has been investigated, with engine speeds ranging from 
idle (750 rpm) to 5000 rpm, and engine loads ranging from 2.7 bar indicated mean effective 
pressure (!MEP) to wide open throttle (WOT). 
Particle Image Velocimetry (PIV) was used to record mean in-cylinder flow fields in the tumble 
and swirl planes for a range of engine conditions and valve profiles. This included 
measurements at higher engine speeds (3500rpm) than previously published. Air flows in the 
difficult-to-access cylinder head were measured with Laser Doppler Anemometry (LDA) and 
the effect of these air flows on the fuel spray produced by a latest generation multi-stream fuel 
injector was investigated with Mie imaging. The resulting mixture preparation was then 
investigated over a crank angle period ranging from the start ofinjection (SOl) to the time of 
spark with Laser Induced Exciplex Fluorescence (LIE F). Supporting data from a 
thermodynamic sister engine with identical combustion chamber geometry was recorded at 
University College London. 
Unthrottled, homogeneous operation with low lift EIVC valve profiles improved engine fuel 
consumption by up to 20% compared to throttled operation with conventional, full-lift profiles. 
This was a consequence of a reduction in the throttling losses and improvements in air-fuel 
mixing. The intake air momentum was more significant than the fuel spray momentum from 
the injection system in determining the air-fuel mixing process. This resulted in engine 
performance being strongly affected by engine speed, intake valve lift and injection timing. 
The greatest benefits in ISFC occurred when only one of the two inlet valves was operated. This 
was attributed to an overall increase in the level ofin-cylinder swirl. However, the choice of 
which inlet valve was opened was critical, with greater gains occurring if the fuel spray from 
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the centrally mounted injector was directed towards the spark plug than when the spray was 
directed away from the plug. 
EIVC combustion also exhibited significantly longer burn times than throttled operation. This 
was due to lower cylinder pressures that reduced the laminar flame speed and lower levels of 
turbulence around the spark plug at the time of ignition. Flame front measurements on the 
optical engine showed that during the longer early heat release phase (0-10% mass fraction 
burned), the flame kernel was transported away from the spark plug and towards the 
combustion chamber wall beneath the inlet valves. 
Investigations into the fuel mixture preparation using Laser Induced Exciplex Fluorescence 
(LIE F) demonstrated that, under high load conditions, a source of particulate emissions from 
PFI engines was large droplets in the vicinity of the spark plug around the time of ignition. 
These fuel rich regions were precursors in the generation of soot and were all but eliminated 
with direct injection fuelling strategies. 
Late Intake Valve Opening (LIVO) valve strategies generated a sub-atmospheric cylinder 
pressure of between 0.5 to 0.3bar (absolute). Spray images obtained under these conditions 
showed greater penetration of the fuel spray and a poorly defined spray cone boundary. Due to 
the increased momentum and increased shear forces of the inducted air, and the cylinder 
pressure falling below the saturation vapour pressure of some components of the gasoline fuel 
at the temperature of the mixture, flash evaporation of those components was seen to occur. 
The improvement in atomisation and faster burn rate with LIVO compensated to some extent 
for the increase in irrecoverable pumping work of this operating strategy over conventional 
EIVC. However, a practical disadvantage of LIVO was poor control of the trapped air mass, 
arising from the intake air momentum supercharging the engine cylinder at the conditions 
tested. 
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1 INTRODUCTION 
The purpose of the internal combustion (IC) engine is to convert the chemical energy stored in 
fuel into mechanical power capable of performing work Because of its simplicity, ruggedness 
and high power-to-weight ratio, the IC engine has found wide application in the transportation 
and power generation industries, and is widely regarded as one of the most important 
inventions of modern times. 
However, recent concerns have suggested that the emissions from IC engines make a significant 
contribution to air pollution and global climate change. As such, engine manufacturers are 
currently searching for solutions that improve fuel economy and reduce pollutant emissions, 
without sacrificing specific power output. 
This thesis discusses one potential technology for improving the efficiency of four-stroke, 
gasoline-fuelled, spark-ignited, reciprocating piston engines. 
This introduction outlines the environmental challenges facing the global automotive industry, 
and the various voluntary agreements and mandatory emissions legislation governing 
passenger vehicles in Europe and the United States. First generation Gasoline Direct Injection 
(GDI) engines, that attempt to improve fuel economy by burning a stratified charge at part-load, 
are described, along with the particulate problems associated with them that prevented 
widespread uptake of the technology. An alternative GDI combustion system is then proposed 
that overcomes these particulate problems by burning a homogeneous charge at all times and 
controlling the engine load by means of a Fully Variable Valve Train (FVVT). 
1.1 ENVIRONMENTAL CONCERNS 
In 1988, recognising the potential problem of global climate change, the 'World Meteorological 
Organisation' and the 'United Nations Environmental Program' established the 
'Intergovernmental Panel on Climate Change' (IPCC). The aim was to gather together all peer-
reviewed scientific material regarding the world's climatic problems to allow policy makers to 
make informed decisions regarding the world's atmosphere. 
Based upon their findings, a group of the world's leading countries, including the United States 
of America, the United Kingdom, Germany, Russia, China and japan, came together during the 
'Rio Earth Summit' to sign 'The United Nations Framework Convention on Climate Change' 
(UNFCCC). The UNFCCC was to consider what could be done to limit climate change and 
minimise any inevitable consequences. By 1995, it was clear thatthe requirements of the 
UNFCCC were insufficient to reign in global climate change, and stricter demands for reducing 
greenhouse gases were necessary. This led to the formation of the Kyoto protocol, which 
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incorporated legally binding measures to reduce global emissions of greenhouse gasses. By 
2005, the Kyoto protocol had been ratified by 157 countries. 
"Mandatmy targets on greenhouse-gas emissionsj01·the world's leading economies 
which have accepted it ... reducing their overall emissions of such gases by at /east 5 
per cent below existing 1990 levels in the commitment period 2008 to 2012." 
"Summary of the Kyoto Protocol" IUNFCCC, (1997) I 
The I PCC's most recent report states that transportation accounts for approximately one 
quarter of the world's total energy use. Road users account for over three quarters of the 
transportation sector's consumption, with light duty vehicles responsible for 45% and trucks 
responsible for 25% (Figure 1). At present, gasoline engines power approximately 60% of the 
European light duty vehicle market [Isuzu Motors Ltd, (2006)). Despite recent advances in 
alternative propulsion technologies, the IC engine is likely to be the prime energy source for 
light duty vehicles for at least the next 20 years [Wigley, (2004)). 
Total Transportation Energy Use for 2000, 
(= 76.87 x1018J) 
Figure 1: World transport energy use in 2000, (Kahn Ribeiro et al., (2007)] 
Carbon dioxide emissions are strongly related to vehicle fuel economy. Vehicle fuel economy 
can be improved through either powertrain or chassis developments, but only powertrain 
developments return equivalent percentage gains. Only half of any reduction in vehicle mass is 
returned as fuel economy savings, while aerodynamic improvements return only a quarter. 
Reducing vehicle mass and drag is also often in opposition to packaging, safety and comfort 
features [Pearson et a l., (2004)). 
Voluntary targets to limit COz emissions to 140 gfkm by 2008 have been agreed between the 
European manufacturers (ACEA), with a further reduction to 120 gfkm by 2012. Japanese 
manufacturers QAMA) and Korean manufacturers (KAMA) have signed similar agreements to 
begin in 2009. Cars sold by members of these organisations represent 90% of total EU vehicle 
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sales. By 2004, these agreements had led to a 12% reduction in average COz emissions per 
kilometre compared to 1995 levels. However, during this period, demand for transport and 
vehicle size increased total CO z emissions by 26% [www.dieselne t.com/standards], and 
progress towards the EU target figure of 120gfkm fleet average has been slow (Figure 2). 
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Figure 2: " Reducing C02 emissions from light -duty vehicles: Questions & answers on the 
proposed regulation to reduce C02 emissions from cars", Memo of the European 
Commission, 191h Dec. 2007 
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Furthermore, during this period, various governments and international bodies have passed 
legis lation to reduce emissions of carbon monoxide (CO), hydrocarbons (HC), Nitrogen Oxides 
(NOx) and particulates. The legislation varies according to the country of origin, the type of fue l, 
and whether the vehicle is for on-highway or off-highway use. Emissions legislation is 
periodically reviewed and the trend for increasingly stringent emissions targets is set to 
continue. 
In the European Union, the current legislation for gasoline powered passenger cars is outlined 
in EU Directive 98/69/EC. These restrictions, known as "Euro 4", were introduced on 1st 
January 2005. More stringent regu la tions, known as "Euro 5", which include li mitations on 
particu late emissions from DIS I engines, are due to come into effect in 2009 (Table 1). 
Emissions are recorded over the 'New European Drive Cycle' (NEDC) which is performed on a 
vehicle mounted on a chassis dynamometer. The drive cycle consists of four urban driving 
13 
cycles (UDC's), designed to replicate city dr iving and comprising of low speeds, low loads and 
low exhaust gas temperatures. This is then immediately followed by one Extra Urban Drive 
Cycle (EUDC), representing more aggressive driving at higher vehicle speeds (Figure 3). 
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In the United States, the Environmental Protection Agency (EPA) uses the 'Tier' emissions 
stand ards. Since 2004, the 'Tier 11' standards have been in effect Tier 11 allocates each model to 
one of11 'Bin's', where Bin 1 represents zero emission vehicles and Bin 11 represents h ighly 
polluting vehicles (Table 2). The average NOx output of a manufacturer's fleet sales mus t be 
less than 0.07 gjmile (the equivalent of Bin 5). Therefore, manufacturers must sell a sufficient 
number of vehicles from Bins lower than Bin 5 to offset any emissions from sales of vehicles 
higher than Bin 5. The Tier system is being phased in gradually between 2004 and 2009, with 
Bin certifications 9, 10 and 11 due to be eliminated altogether shortly. Tier 11 also requires, for 
a ll but a few refineries, the sulphur levels within gasoline fuel to be reduced to an average of 30 
parts per million (ppm), with a cap of80 ppm. 
California has traditionally had more stringent emissions standards than those set by the EPA's 
Tier system. Since 2003, The LEV 11 standards have been in effect. These tighten t he standards 
for NOx and include a particulate standard for gasoline vehicles. The fleet average standards 
are a lso lowered and automakers are required to make continual reductions to average fleet 
NOx emissions every year through 2010. Several other states, including New York, 
Massachusetts, and Vermont have a lso adopted the Ca lifornian standards (Table 3). 
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Table 1: European Emissions Standards for passenger cars< 2500 kg, g/km 
Tier Date CO HC HC& NOx NOx PM 
Euro IV Jan. 2005 1.0 0.10 - 0.08 -
EuroV Sept. 2009 1.0 0.10 - 0.06 0.005 
(proposed) 
Table 2: US Tier 11 Emissions Standards (over full useful life), g/mile 
Bin NMOG CO NOx PM HCHO 
8 0.125 4.2 0.20 0.02 0.018 
7 0.090 4.2 0.15 0.02 0.018 
6 0.090 4.2 0.10 0.01 0.018 
5 0.090 4.2 0.07 0.01 0.018 
4 0.070 2.1 0.04 0.01 0.01 1 
3 0.055 2.1 0.03 0.01 0.011 
2 0.010 2.1 0.02 0.01 0.004 
1 0.000 0.0 0.00 0.00 0.000 
Table 3: Californian Emissions Standards for vehicles < 85001bs, g/mile 
NMOG CO NOx PM HCHO 
LEV 0.090 4.2 0.07 0.01 0.018 
ULEV 0.055 2.1 0.07 0.01 0.011 
SULEV 0.010 1.0 0.02 0.01 0.004 
1.2 ST RATIFIED GDI ENGINE CONCERNS 
Gasoline Direct Inj ection (GDI) is one technology capable of improving fuel economy w hilst 
mainta ining, or even increasing, specific power output. It is a fue lling technique in which liquid 
fuel is injected directly into the engi ne's combustio n chamber. This differs from conventio nal 
multi-point, port-fuelled (PF) engines by allowing complete control of the t ime at which fuel is 
injected. In PF engines, fuel induction is determined solely by the opening of the inlet valve and, 
as the mixture is made increasingly lean, the flame speed reduces until engine stabili ty becomes 
intolerable. GD I had first been attempted on aircraft engines in the 1930's, and was triall ed on 
aut omotive applications such as the Mercedes 300SL. However, the technology proved 
unreliable until mechanical fuell ing systems were superseded by e lectronic fuel injection. The 
first mass produced GDI engine was introduced by Mitsubishi in 1996 [Mitsubishi, (2005)]. 
Direct injection allows the engine to run in two distinct regimes, depending upon the requ ired 
load. Under part load conditions a stratified charge was burned. The throttle was held wide 
open, which eliminated the associa ted throttling losses, and fuel was injected late on the 
compression stroke (Figure 4). 
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Figure 4: Mitsubishi GDI operating regimes [Mitsubishi, (2005)] 
The reverse tumble air motion formed by the vertical intake ports and shaped piston crown 
then transported this fuel from the side-mounted injector to the spark plug. The air-fuel ratio 
(AFR) of the kernel was slightly rich of stoichiometric with an equivalence ratio of 
approximately 0.95, while the remaining parts of the cylinder remained lean. The overall AFR of 
the cylinder was in the region of 30:1 to 40:1 (Figure 5). 
Spark Plug Vertical intake 
ports 
Rich Charge 
(A::::Q.95) Side mounted 
Injector 
Lean Charge (A 
:::: 30:1 to 40:1) Injection on 
Compress ion 
Shaped Piston Stroke 
Crown 
Figure 5: Mitsubishi GDI cylinder layout [M itsubishi, (2005)] 
For high loads, a homogeneous stoichiometric charge was necessary. Fuel was injected dur ing 
the induction stroke and the air and fu el mixed thoroughly w ithin the cylinder before being 
ignited by the spark Direct injection also a llowed improved metering of the delivered fuel mass 
and the higher injection pressures reduced the mean diameter of the drops in the spray. 
Furthermore, the energy to evaporate the fuel was drawn from the surrounding intake air, 
cooling the charge and incr easing its de nsity. This 'charge cooling' effect was sufficient to allow 
the compression ratio to be increased by between 1 to 1.5 ratios [Pearson et al., (2004)]. GDI 
also had benefits in terms of the volumetric effi ciency (no fuel vapour fraction inducted) and an 
improvement in terms of specific heat ratio (y increases from approximately 1.35 to 1.40). 
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The im provements in fuel economy at part load, and higher specifi c power available at full load, 
led to GDl engines, in various guises, being adopted by most major vehicle manufacturers 
(Table 4). 
Table 4: Air motion in production GDI engines [Zhao et al., (2002)] 
Manufacturer Capacity Layout Stratification Charge Motion 
Mitsubishi 1864 1-4 Wall guided Reverse Tumble 
PSA 1998 1-4 Wall guided Reverse Tumble 
vw 1390 1-4 Wall guided Tumble 
Toyota 1998 1-6 Wall guided Swirl 
Despite the advantages of Gasoline Direct Injection, the technology showed some significant 
problems. Many of these originated with the nature of stratifi ed charge combustion. Locally rich 
mixtures around the spark plug produced high levels of carbon monoxide, hydroca rbons and 
particulate emissions, and the impact of the fu el spray onto the piston surface produced highly 
rich fuel films that increased these emissions further. Particulates, commonly only thought of as 
a problem in Diesel engines, were up to two orders of magnitude higher fo r lean stratified-
charge operation than for stoichiometric homogeneous charge operation [Maricq et al., (1999)]. 
Particulate emissions are severely detrimental to human health [Seaton et al., (1995)]. 
The lean regions of the charge led to high levels of oxygen in the exhaust, which caused high 
NOx emissions. To meet the NOx emissions legislation, de-NOx afte r-treatment systems were 
installed in the exhaust. 'NOx traps' that used a platinum catalyst were trialled, but requ ired 
periodic regeneration by running the engine under rich conditions. This limited the fuel 
economy benefi ts that could be achieved. The high levels of sulphur commonly found in US and 
European gasoline also poisoned this type of NOx trap, and so 'Selective Catalytic Reduction' 
(SCR) devices were installed instead. Although these tolerated the high sulphur fu els, they were 
intolerant of h igh temperatures and inefficient with high oxygen concentrations. As such, 
European and US GDI engines operated at a much lower a ir-fuel ratjos, typically 20:1, as 
opposed to 40:1, and the potential fuel economy benefits of running under stratified cond itions 
were substantially reduced [Santos, (2005)] . 
Packaging of the GDI combustion chamber also caused problems. Particulates t hat formed 
during combustion could block the injector orifi ce and the injector tip was subjected to 
temperatures and pressures of the combustion chamber. This significantly affected the fuel 
spray characteris tics, with highly non-linear effects as the temperature passed the boiling po int 
of the fuel [Zhao et al., (2002)]. The potential for injector cooling was already restr icted by the 
additional components in the cylinder head. 
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Most importantly, for all the problems and costs involved, the operating region of the stratified 
regime was rela tively small. The 'cross over' point from stratified (A. = 40:1) to homogeneous (A. 
= 14.5:1) opera tion occurred at just 3000 rpm and the fuel economy benefit was only 
approximately 5% [Zhao et al., (2002)]. To extr act the full 'real world' potential from throttle-
less operation, the operating region for stratified combustion needed to be extended over a 
greater region of the operating map. 
Although development o f stratified combustion engines has continued and such systems will 
benefit from reducing sulphur levels in gasoli ne fue l, the fundamental flaws with s tratified 
charge combustion means emissions legislation is likely to make such designs obsolete. 
However, th e benefits of direct injection, namely charge cooling and throttle-less operation, are 
such that direct injection cannot be ignored. 
Combining stratified Dl with Fully Variable Valve Timing 
Variable Valve Timing (VVT) is another technology capable of increasing th e fu el economy of 
gasoline engines. Like GDI, it addresses the efficiency losses associated with drawing air past a 
throttle. At first glance, combining GDI with WT is not sens ible, as the cost of these 
technologies adds togeth er, but the ir fuel economy potential does not 
However, the limitations of stratified charge DJ can be overcome by Fully Variable Valve Timing 
(FVVT). At very low loads, partial throttling is employed to reduce the AFR towards 
stoichiometric to maintain a sufficiently high exhaust temperature for efficient catalytic 
conversion. At high loads, high NOx emissions prevent cons istent lean operation. I.e. 
Unthrottled operation has to be abandoned when there is s till de-throttling potential. 
Co mbining GDI with VVT makes it possible to limit the ai rflow at low loads without throttling 
and a lso to reduce pumping work at higher loads. Work by Salber et a l. proposed that, if GDI 
a lone can improve Brake Specific Fuel Consumption (BSFC) by 12%, and VVT can improve 
BSFC by 9%, combining the two technologies may a llow a 16% improvement to be realised. 
This could rise to 21% if cylinder deactivation was incorporated [Salber et a l., (2002)]. 
1.3 HOTFIRE: HOMOGENEOUS GDI WITH FWT 
An alte rnative combination ofGDI and WT is to abandon s tratified combustion and burn a 
homogeneous charge across the engine map. The VVT system can then control engine load 
through the mass of air inducted instead ofthe mass of fuel injected. To limit the mass of air 
inducted the inlet valve profiles must be altered by a combination of reducing the valve lift, 
reducing the va lve duration or altering the valve opening timing. The va lve duration may be 
s hortened to close the valve before the inlet s troke is completed, known as Early Inlet Valve 
Closing (EIVC), or extended to allow the pis ton to push gas back into the inlet port during the 
compression stroke, called Late Inlet Valve Closing (LIVC). 
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The advantages of these valve str ategies is discussed in more detail in section 2.3, along with 
reaso ns why EIVC offers the greatest benefi ts for load control w hen combined with GDI. 
However, very little data is available qu antifying how these valve s trategies combine w ith GDI 
to affect engine performance. The purpose of this thesis is to genera te, analyse and review this 
data. 
The 'Hotfire' project, a consortium between Lot us Engineering, Siemens VDO Auto motive and 
the Universities at Loughborough and University College London, aims to investigate the 
combination of two key engine technologies: Gasoline Direct Injection (GD I) for creating a 
homogeneous charge across the entire engine map, and Fu lly Variable Valve Timing (FVVf) to 
control the engine load without the use of a throttle. Combining these technologies allows the 
pumping losses associated with th rottling the inducted a ir to be reduced whilst still burning a 
stoichiometric charge that a llows a standard three way catalyst to be used to reduce emissions. 
The project w ill : 
• Determine the bulk in-cylinder a ir motions genera ted by a selection of ElVC and LIVO 
strategies suitable for vehicle load control. 
• Determine the interaction between in-cylinder fu el injection and a ir motion. 
• Determine the effects of EIVC and LIVO strategies on combustion stability and burn 
rate. 
• Quantify the potentia l effects of EIVC and LIVO strategies on engine-out exhaust 
emissions, residual gas fraction, knocking tendency, and brake specific fuel 
consumption (BS FC). 
This thesis is in fulfilm ent of Loughborough University's delive rables and consists of: 
• Quanti fi cation of in-cylinder flow structures du ring inlet and compression s trokes fo r 
the valve operating strategies under investigation. 
• An investigation into spray formation and charge development 
• An investigation into charge motion and mixture preparati on 
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2 REVIEW OF HOTFIRE TECHNOLOGIES 
The following chapter looks at the technologies of GDI and FVVf in more detail. The 
fundamental break up mechanisms occurring in modern GDI injectors is examined, along with 
the terminology commonly used for describing fuel injection sprays. The effect of Early Inlet 
Valve Closing, Late Inlet Valve Closing and Late Inlet Valve Opening for load control is 
investigated along with a review of production va lve timing systems that incorporate various 
degrees of fl exibility. Finally, the advantages and limitations of using optical engines for engine 
investigations are described, along with how optical access to the cylinde r can be gained. 
2.1 GDI ENGINE DESIGNS 
GDI represents the latest development in controlling the mass of fuel injected and the injected 
fuel distribution s ince the development from carburettors to single and multipoint fuel 
injection systems. Whi le the Hotfire concept a ims to burn a homogeneous charge across the 
engine map, significant research has been performed on strati fied engines that is applicable to 
homogeneous systems and, as such, both designs wi ll be reviewed. 
2.1.1 STRATIFIED CHARGE GDI ENGINES 
At part loads, stratified engines control the load through the mass of fuel injected, and the n 
switch to a homogeneous charge at high loads for peak power output Three main designs for 
charge stratification have been developed. These are known as 'wall guided', where fue l is 
transported to the spark plug by the shape of the piston, 'air guided', where fuel is transported 
by the in-cylinder airflow structures, and 'spray guided', where stratification arises from the 
proximity of the injector to the spark plug gap (Figure 6). 
Wall-guided Air-guided Spray-guided 
Figure 6 - Stratification Techniques 
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The majority of production systems, including Mitsubishi's 'GO I', PSA's 'HPi' and Volkswagen's 
'FSi' system, use a wall guided arrangement. These engines require a careful design of the 
intake ports and shaping of the piston crown to transport the fuel spray and intake air flow 
upwards towards the spark plug. Wall guided systems are extremely sensitive to the shape of 
the piston, but can produce a stable stratification of the charge [Suh & Rutland, (1999)]. Most 
wall guided engines position the fuel injector underneath the intake port, at the furthest 
possible distance from the spark plug. This maximises the available mixing time between 
injection and ignition and helps to reduce soot formation and HC emissions. This reduces the 
engine's sensitivity to variations in the fuel spray [Baby & Flock, (1997)). 
However, wall guided systems inherently lead to fuel impacting on the piston crown. Though 
only a fraction of the liquid droplets actually impinge on the piston: e.g. an injector 35 mm from 
a surface deposited only 14% of its fuel mass on the surface [Zhao et al., (2002)], this is still a 
source of fuel films. Fuel films burn with low air-fuel ratio's and are a source of pool fires and 
soot emissions, particularly during cold starts. For low particulate emissions, fuel impact on the 
piston needs to be minimised [Alkidas et a l., (2003)]. 
Studies on under-port injectors also showed that fuel droplets impacted on the cylinder walls, 
both through direct impingement on the exhaust side, and through entrainment with the air 
flow on the intake side. This washed oil off the cylinder wall and was transported by the piston 
rings to the crankcase, gradually decreasing the oil viscosity. High levels of wall wetting 
increased piston ring wear and reduced engine reliability [Sugiyama, (1997)]. 
The problems associated with fuel films and oil dilutions have moved research on to air-guided 
and spray guided systems to achieve charge stratification. Air-guided systems maintain an 
under-port injector but attempt to use the flow field generated by the intake system to 
transport the charge to the spark plug. Shaped piston crowns are still used to help generate the 
flow field, but direct impact of fuel on the piston crown is reduced. Air guided systems therefore 
avoid some of the soot emissions and oil dilution issues of wall guided systems. However, any 
change in the in-cylinder flow field will lead to changes in the fuel distribution and combustion 
instabilities. Engine speed is one such factor, and at low engine speeds, air guided systems can 
suffer as the strength of the flow field diminishes. A prototype air guided engine, the FEV 
'Charge Motion Controlled Concept' attempted to overcome this by incorporating a "variable 
tumble gate" [Zhao et al., (2002)]. However, cyclic variation still caused the charge to be 
improperly stratified and misfires were prevalent. As such, air-guided GO! engines are not yet 
in production. 
Spray guided combustion systems are often regarded as the most appropriate arrangements 
for future stratified GOI engines. Spray guided systems position the spark plug and the fu el 
injector in close proximity in the centre of the cylinder head. The mixture stratification results 
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from the distance between the fuel spray and the spark gap. The highly repeatable nature of the 
fue l spray assists in creating a stable combustion system. This arrangement minimises wall and 
piston crown wetting and promotes good utilisation of the air in the cylinder. ln addition, a 
standard flat topped piston can be employed, lowering weight, reducing machining costs and 
creating better combustion geometry. 
For sp ray guided systems running in s tratified mode, the short time period between injection 
and ignition limits the time available for mixing and exacerbates problems such as spark plug 
and injector fouling. Large numbers of droplets near the spark gap led to soot formation. 
Variations in the spray geomet1y, due to production variations or injector deposits, can affect 
engine performance, and the engine becomes highly sensitive to the consistent performance of 
the injector. Packaging considerations need to be carefully considered, as high thermal shock 
and restricted cooling can damage the injector. 
The position of the spark plug relative to the injector is a lso critical in spray-guided 
applications. The spark gap must be positioned in a zone contai ning an ignitable mixture, the 
location of w hich varies with the cone angle of the spray, the velocities of the intake air and the 
timing of the spark and fuel injection. Spray guided engines have the spark plug near the centre 
of the cylinder, helping to generate symmetrical flame propagations and minimising the heat 
losses. The injector tip must then be positioned near the spark plug. Centrally mounted 
injectors have been shown to provide a 2% improvement in fuel consumption over an under 
port injection system (Andriesse, (1997)]. 
The angular orientation of the spark plug has a lso been shown to influence the performance of 
the engine (Figure 7). This was studied with Mie imaging techniques, where by a ground 
electrode was positioned towards the injector and then the plug was rotated 90° and 180° from 
this position. At 0°, the ground electrode shielded the spark gap, but the wake behind it caused 
strong fl uctuations in the air-fuel ratio which degraded ignition stability. The spray impact on 
the plug also produced a stream of large droplets emanating off the electrode. At 90°, the 
majority of the spray passed through the spark gap. At 180°, the grou nd electrode collected fuel 
and was severely wetted. This increased misfires and HC emissions [Fansler & Drake, (2005)). 
Spark plug at 0° Spark plug at 90° Spark plug at 180° 
Figure 7: Spark plug orientation relative to the injector 
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2.1.2 HOMOGENEOUS GDI ENGINES 
In the light of the proposed C02 emissions targets, homogeneous direct injection is seen by 
many as the future for spark ignited gasoline engines. Homogeneous GDI engines inject fuel 
early in the induction stroke at all times to generate a homogeneous charge at a ll points of the 
engine map. Homogeneous GDI maintains the benefits of charge cooling and improved 
volumetric e fficiency across the engi ne map, but with worldwide fuel compatibility and without 
the need for expensive De-NOx traps. In order to control the engine load, the throttle is closed 
to limit the mass of air e ntering the cylinder. Closing the throttle increases the pumping work. 
Pumping work at part load is estimated to account for approximately 8% of SI engine 
inefficiency at part load (Figure 8). 
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Figure 8: SI engine thermal inefficiencies at part load [Data from Heywood, (1988)] 
Homogeneous GDI is usually combined with aggressive downsizing to reduce the pumping 
losses by moving the operating point to a more efficient part of the map. Downsizing also 
reduces the friction and weight of the engine and turbocharging is then used to recover peak 
performance [Mahle Powertrain, (2006), Brueckner, (2007), Bandel et al., (2006)]. However, 
generating high boost levels from small capacity engines can be problematic. The Hotfire 
concept is therefore aimed at a less aggressively downsized engine which is naturally aspirated. 
The part load throttling losses are then addressed by using a fu lly variable valve train to limit 
the mass of air inducted . 
2.2 GDI FUEL INJECTION SYSTEMS 
The atomisation of liquid fuel as it leaves the injector is largely determined by the fuel injection 
system. The following section describes liquid atomisation fundamentals, the notation for 
characterising fuel injection sprays and reviews the design of modern GDI injectors. 
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2.2.1 FUEL SPRAY ATOMISATION 
The purpose of a GD I spray is to atomise liquid fuels. Atomisation is the process by wh ich 
liquids fue ls a re broken down to produce small dro ps. In GDI engines, there is less time 
available between injection and ignition for vaporisation than in port-fuelled engines. In 
addition, a direct injection fuel spray cannot use the back of the hot inlet valve to help 
evaporate fuel. As such, the characteristics of the spray from the injector, such as droplet s ize 
and velocity, a re more important to engine performance. 
Atomisation is controlled by a combination of t he inertial, viscous and surface tension forces 
(Equation 1 to Equation 3), where Lis a characteristic length (m), such as droplet diameter, jet 
d iameter or sheet thickness, U is the characteristic velocity (ms·1), 11 is the fluid's dynamic 
viscosity (kg.m·l.s·l), pis the fluid density (kg.m·3 ) a nd er is the fluid's surface tension (Nm-1). 
Inertial Forces = pU 2 Equation 1 
J1U 
Viscous Forces = Equation 2 L 
()" 
Surface Tension Forces = L Equation 3 
Ratios of these forces provide non-dimensional parameters which a re useful for representing 
fluid processes. Commonly calcu lated par ameters include the Reynolds (Re), Weber (We) and 
Ohnesorge (Oh) numbers. 
The Reynolds number is an important parameter whenever a s ubstantial velocity gradient is 
present in the flow. It describes whether the fl ow exhibits laminar, turbulent or transitional 
behaviour. The Reynolds number at which transition occurs depends upon geometry and 
values around 2400 are often used for fluid flows in a pipe, while values around 600 a re 
suitable for flows into an engine cylinder (Equation 4). 
Inertial 
Reynolds Number = ---
Viscous 
pUL 
J1 
Equation 4 
The Weber number is the ratio of aerodynamic forces which disrupt the liquid to the surface 
tension forces which oppose them. The Weber number t herefore determines the point at which 
liquid break up will occur (Equation 5). 
Inertial pU 2 L 
Weber Number = S f T . = 
ur ace enswn 0' 
Equation 5 
The Ohnesorge number is a ratio of the inertia l and surface tension forces. Break up is inhibited 
at high Ohnesorge numbers as the increased viscous forces reduce destabilising fluctuations. As 
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the fluctuations are smaller, more time is available for drag forces to reduce the relative 
velocity between liquid and gas and the potential for break up is reduced (Equation 6) . 
...Jweber 
Ohnesorge Number= R ld Equation 6 
eyno s 
The characterisation of a fuel spray requires knowledge of its form and structure, and how the 
velocities and sizes of the droplets vary over time. Spray dimensions are defined by its 
penetration, which can be measured both axially from the injector tip and radially from the 
injector axis, and the spray cone half angle, which is the tangent of the radial penetration and 
the axial penetration at a given point downstream of the orifice. In GOI engines, axial 
penetration determines whether the spray impacts on the piston, which can cause fuel films, 
while the cone angle determines the fuel distribution and whether the s pray impacts on the 
open inlet valves. The evolution of these dimensions with time is determined by the droplet 
velocities. Droplet velocities can be measured using Laser Doppler Anemometry (LOA) or 
Particle Image Velocimetry (PIV). These techniques are described in section 3. 
Fuel injectors produce droplets with a wide range of sizes. The smallest dropl ets vaporise 
qui ckly, but their low momentum means they do not penetrate far into the cylinder. The largest 
droplets penetrate further, but require longer for vaporisation. Mean droplet diameters are 
therefore used to describe and compare different sprays. A reduction in the mean droplet size 
leads to higher volumetric heat release rates, improved ignition characteristics and a reduction 
in pollutant emissions. Droplet size distributions can be measured using optical techniques 
such as Phase Doppler Anemometry (PDA). PDA is a lso described in section 3. The basis for 
calculating Mean Droplet Diameters assumes that a spray can be described by four properties: 
• Total drop count (DO) 
• The s um of the diameters for the total drop count (01) 
• The total spray surface area (02) 
• The total spray volume (03) 
A monodispersed spray (one with constant drop size), can be made representative of a 
polydispersed spray (one with a range of sizes) by calculating its droplet diameter to be such 
that the ratio of two of the above properties is the same as the ratio of all the droplets in the 
polydispersed spray. For evaporation and burning, the most representative ratio occurs by 
matching the ratio ofVolume to Surface Area. 0 32 (or the 'Sauter Mean Diameter') is therefore 
often used in ato misation and combustion analyses. The other possible combinations of the 
four properties are given in Table 5 [Mugele & Evans, (1951)]. 
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Table 5: Drop size distributions 
Order Symbol Name Use 
D1/ Do D1o Arithmetic Mean Evaporation rates 
D2/ Do D2o Surface Mean Surface controlled effects e.g. Absorption 
D3/ Do D30 Volume Mean Volume controlled effects 
D2/ D1 D21 Surface Mean Surface controlled effects 
D3/ D1 D31 Evaporative Mean Evaporation and molecular diffusion 
D3/ D2 D32 Sauter Mean Efficiency and mass transfer rates 
The factors affecti ng spray cone angle, tip penetrati ons and droplet distributions from GDI 
sprays include fuel pressure, ambient pressure and temperature, fuel specification and orifice 
dimensions. Higher fuel pressures tend to increase fuel spray penetration and reduce the 
droplet diameter [Ortman & Lefebvre, (1985)]. High ambient backpressures redu ce spray 
penetration and reduce cone angle, and high ambient tempera tures reduce penetration with 
highly non-linear effects beyond the boiling point of the fuel [Wilkie & Stansfield, (2005)]. Fuel 
specification affects both penetration, cone angle and drop size distribution [Wigley et al., 
(2006)]. 
2.2.2 P RESSURE SWIRL INJECTORS 
Many GOI injectors currently in production are of the pressure swirl type. This design was used 
on Mitsubishi's GO I, as well as PSA's HPi and the Volkswagen Group's FSi engine. Pressure swirl 
injectors employ ei ther inwardly-opening or outwardly-opening needles, though inwardly-
opening designs are more common due to the simpler manner in which the spray axis can be 
directed. A typical inwardly opening injector is shown in Figure 9, a long with the spray 
produced by an injector of this type at 100 bar fuel pressure. The injector is connected to a high 
pressure fuel pump, which forces gasoline into the hydraulic connector and through the 
injector into a series of channels that are tangentia l to a swirl chamber (Section A). The swirl 
chamber causes the fluid to rotate. A signal from the electr ical connecto r energises the solenoid 
and the needle armature is retracted unti l a gap opens between the needle tip and injecto r 
body. Fuel is then released through the single injection orifice and emerges as an annular sheet 
that spreads radially to form an initially hollow cone. The pressure energy is converted into 
rotational momentum which assists in breaking up the liquid fuel structures. 
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Figure 9: Pressure swirl injector [Zhao et al., (2002)] and 100 bar pressure swirl fuel spray 
Stratified charge engines often require the fuel injection to occur in a particular orientation. I.e. 
the spray axis is often different to the injector axis. The physical dimensions of the injector, such 
as the orifice diameter, orifice length, seat angle, and injector tip design all affect the 
characteristics of the spray. The effect of varying these parameters has been extensively 
researched using both CFD simulations and experiments [Park et al., (2002)], [Moon et al., 
(2001)) , [Kubo et al., (2001)], [Miyajima, (2000)). 
Liquid Sheet Atomisation 
Fuel leaves a pressure swirl injector as a swirling, conical liquid sheet. Disturbances on the 
sheet surface form a sinusoidal wave, the amplitude of which increases downstream. At given 
amplitude, the surface tension forces in the liquid are unable to maintain the sheet structure 
and ligaments are formed. Perturbations in the ligaments form varicose waves, which break up 
the ligaments into droplets (Figure 10). This structure is particularly evident from piezoelectric 
injectors operating at low pressure (Figure 11). 
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0 
Figure 10: Liquid Sheet break up mechanism [Dombrowski & Johns, (1963)] 
Liquid Sheet waves on liquid sheet 
Formation of !ligaments 
Figure 11 : Liquid sheet break up, Piezoelectric injector at 3.5 bar, 1760 J.IS ASOI 
2.2.3 MULTISTREAM INJ ECTORS 
The diameter of the fuel injector orifi ce is perhaps the most influentia l factor in the a tom isation 
of fuel through a n injector. Reducing th e nozzle diameter has been shown to s ignificantly 
reduce the mean drop diameter [M organ et a l., (2001)]. However, an engine st ill requ ires a 
given mass of fu el to be injected for a given load condition. This becomes more difficult as 
orifice d iameters reduce. To maintain a small drop diameter, but s till allow sufficient fuel to be 
injected, multistream injectors have been developed. 
Multistream injectors a re similar to Diesel nozzles, in that they contain 4 to 10 orifices spaced 
radially around the injector t ip. However, the stream angle from the injector axis is typically 
around 60°, compared to 150° for a Diesel system. Mu ltis tream nozzles a re ab le to direct the 
sp ray in any d irection with almost no affect on the atomisation performance. The s tream angle 
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is normally unaffected by high ambient back pressures. However, multistream nozzles must 
compensate fo r the lack of internal swirl chambers and customarily use higher injecti on 
pressures (Figure 12). 
Injector axis 
Figure 12: Spray from a multistream injector at 100bar 
Liquid Jet Atomisation 
The s pray from multis tream injectors may be modelled as a liquid jet. A liquid jet is formed 
when an irrotational liquid is forced through a narrow orifice. Five atomisation regimes can be 
seen depending on the relative velocity be tween the liquid (Ur) and gas (Ug) [Azzopardi, (2005)] 
(Figure 13). 
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Figure 13: Atomisation and Weber numbers with different liquid air velocities (Typical 
values for gasoline fuel sprays: p = 740 kg/m3 , L = 0.0001m, o = 0.022 N/m) 
In GO! injectors, the high injection pressures are such that the velocity differentia l is a lmost 
always in excess of100 ms-1. These Weber numbers are a lways in excess of the critical Weber 
number required for break-up (commonly taken to be in the region of 13, a lthough there is 
considerable debate as to the exact value), thin ligaments a re formed on the edge of the main 
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jet These ligaments detach from the liquid bulk, but give rise to drops w hich are substantially 
larger than the original ligament. 
2.2.4 FUTURE INJECTOR TECHNOLOGIES 
Recently, injector manufacturers have developed piezoelectric injectors for both gasoline and 
Diesel applications [Sawyer, (2005)], [Siemens VDO, (2005)]. These injectors contain ceramic 
crystals that have their molecular structure stra ined when a voltage is appli ed, resulting in a 
s mall increase in the external dimensions of the crysta l. A stack of these crysta ls are connected 
to the injector a rmature, and the growth of the stack is equal to the sum of the growths of the 
crystals (Figure 14). 
Needle Nozzle body 
I 
Ptezo element 
Figure 14: Piezoelectric injection and spray at 200 bar 
The response of the piezoelectric stack is approximately ten times faster than a traditional 
solenoid, allowing mu ltiple injections within one engine cycle [Zhao et a l., (2002)]. Piezoelectric 
injectors also have a lower power requirement than 'peak and hold' solenoids and can tolerate 
higher injection pressures. Such systems are gradually appearing on high end models, such as 
the BMW HPI engine [BMW AG]. 
In an attempt to make further atomisation improvements, several novel injector designs are 
currently being researched. Air assisted injectors use a twin injector arrangement, where the 
first injector feeds liquid fuel into a passage fill ed with compressed air and the second injector 
connects the high pressure passage to the cylinder. The atomisation can be controlled by 
varying either the opening duration of either injector or the air supply pressure. The increased 
shear levels generated by the compressed air help to reduce droplet diameters. However, the 
fuel mass flow rate, and hence the ratio of air to fuel leaving the injector, is not constant over 
the injector opening period [Zhao et a l., (2002)]. 
Electrostatic injectors use a high voltage (SkY - 10kV) to generate an electric field near the 
injector tip. Droplets leaving the injector become electro-statically charged and the similarly-
charged droplets repel each other to form wide cone angles and fine a tomisation 
[Balachandran, (2005)] . Traditional e lectrostatic atomisers have used a single charging 
electrode and single orifice to generate the spray. These needed to be ex tremely well -aligned to 
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function effectively and were only effective on very low flow rates. However, a prototype 
injector using a diamond coated faceted surface and a multi orifice thrust bearing has been 
used to produce very fine sprays [Ailen et al., (2005)]. 
2.3 VARIABLE VALVE TIMING 
Internal combustion engines use valves to a llow the working fluids to pass into and out of the 
cylinder. The majority use a spring loaded poppet valve driven by a rotating cam. The profil e of 
the cam, w hich determines the opening timing, duration and lift of the valves, is one of the most 
important factors governing engine performance. 
2.3 .1 VALVE STRATEGIES FOR P ART L OAD OPERATION 
In a conventional engine, the inlet valves open approximately 10° BTDC to reduce flow 
restrictions during the intake stroke, and close approximately 50° ABDC so the inlet gas 
momentum can continue to fill the cylinder. Exhaust valves open at approximately 50° BBDC, to 
allow late combustion to assist in blowing out the exhaust gases, and close arou nd 10° ATDC to 
allow the residual gases in the clearance volume to clear (Figure 15). 
Top Dead Centre 
Intake 
Bottom Dead Centre 
Figure 15: Fixed valve timing 
This valve timing generates a period of approximately 20° when both intake and exhaust valves 
a re open. At high engine speeds, a larger overlap is required to encourage the removal of 
exhaust gasses and provide an early start for induction, while at low engine speeds, a smaller 
valve overlap is necessary to prevent exhaust gases being drawn back into the cylinder during 
the subsequent intake stroke. Rigid valve timings compromise between high and low speed 
engine performance. Accordingly, modern engines use various systems to adjust the valve 
timing and lift profiles. This is known as variable valve timing (VVT). 
For much of its development, the goal ofVVT has been to increase power at h igh engine speeds 
whi lst maintaining low speed torque. However, VVT can also improve fuel consumption by 
operating the engine with an over-expanded cycle. Over-expansion occurs when the engine's 
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expansion ratio is greater than its compression ratio. This causes a greater proportion of the 
combustion pressures to be converted into useful work (Figure 16). 
1 bar 
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Figure 16: Pressure Volume diagram of Otto, over-expanded and Atkinson cycle 
The first engine that operated an overexpansion cycle was patented by James Atkinson in 1882. 
It comprised an additional linkage between the piston and con rod. By moving the location of 
this linkage's pivot, the ratio of compression ratio to expansion ratio could be altered. It was 
later realised that the same effect could be achieved by simply advancing or retarding the 
intake valve closing time. This is known as 'Early Intake Valve Closing' (E IVC) or 'Late Inlet 
Valve Closing' (LIVC) respectively. 
Both EIVC and LIVC cause a reduction in the trapped mass and, hence, reduce the engine load 
without using a throttle. This improves fuel efficiency at part load, as the inefficiencies 
associated with drawing air past a throttle are eliminated. I fa continuously variable valve 
timing system has sufficient range, the engine load can be precisely controlled across the engine 
map. 
A third technique, where the inlet valve is not opened until part way through the induction 
stroke, (Late Inlet Valve Opening, LIVO), is also of interest and will be discussed (Figure 17). 
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Figure 17: Comparison between Standard, EIVC, LIVC and LIVO Valve Timing 
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Early Inlet Valve Closing (EIVC) 
EIVC involves closing the inlet valve significantly before normal to trap only the required mass 
of air in the cylinder. The trapped mass is first expanded as the pis ton descends on the 
remaining part of the intake stroke, and then recompressed as the piston rises again on the 
compression stroke. This reduces throttling losses as the air is not drawn past a throttle. 
However, the reduction in volumetric efficiency reduces the effective compression ratio and the 
specific power output 
The first commonly cited study on EIVC was performed by Tuttle in 1982. He investigated three 
unthrottled EIVC valve profiles on a 0.626L single cylinder engine operating at 1600 rpm with a 
compression ratio of8.4:1. Valve durations of118°,48° and 78° with valve lifts of9.4 mm, 5.3 
mm and 3.2 mm respectively were tested. Brake Specific Fuel Consumption (BSFC) improved 
by 10% compared to conventional throttling, with a 40% reduction in pumping losses. NOx 
emissions were reduced by 25%, due to the lower compression temperatures, yet the 
combustion durations and cyclic variability were simi lar. However, HC emissions increased by 
25%. Tuttle suggested that EIVC could improve vehicle fuel economy by 7%, (the benefits being 
diminished by the frictional losses involved in running a variable valve train), and that 200° 
variabi li ty in IVC time was required to control engine load over a range sufficient for vehicle 
application. He concluded the system had little potential, as "the impetus to improve part load 
fuel economy appears to be decreasing ... " [Tuttle, (1982)]. 
Since this time, many studies have been performed on EIVC valve profil es to quantify the 
reduction in throttling losses [Eirod & Nelson, (1986)], [Theobald et al., (1 994 )], [Shiga et al., 
(1996)], [Soderberg & johansson, (1997)], and several comprehensive reviews on the subject 
have also been conducted [Stone & Kwan, (1989)], [Gray, (1988)], [Hong et al., (2004)]. These 
show similar BSFC improvements, (5 - 10%) for BMEP's in the region of 3- 4.5 bar. However, 
lower levels of turbulence and an increase in the turbulent burn time have been noted that 
contradicts Tuttle's earlier work The increase in heat losses during these slow burn periods 
reduces engine efficiency below theoretical predictions [Stone, (1999)]. 
The most recent work was performed by General Motors [Cleary & Silvas, (2007)]. This study 
investigated a range of EIVC valve profi les on a 3.4L port-fuelled gasoline engine a t 1300 rpm 
and 3.3bar net mean effective pressure. The inlet duration and timing was fixed, and valve lift 
was adjusted to achieve a consistent load condition. A peak improvement in fu el economy of 
7% was demons trated, which occurred when valve durations were minimised, valve timings 
were earliest and valve lifts were highest (N.B. Valve opening time was limited to the throttled 
valve profile comparison in order to match EGR levels). At the point of best BSFC, engine 
stability was worst, NOx emissions reduced by 25% and HC emissions increased by 25%. The 
charge motion was investigated and was s hown to increase if the cam opening point was 
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retarded. However, th e additional pumping losses resulted in worse BSFC's than the throttled 
case. 
Late Inlet Valve Closing (LIVC) 
The LIVC cycle involves closing the inlet valve substantially later than normal to allow the 
piston to push excess air back into the inlet port unti l the desired trapped mass is achieved. 
LIVC s uffers from simila r prob lems to EIVC, namely a reduction in the effective compression 
pressure and a reduced laminar burning veloci.ty. In addition, venting the charge back into the 
inlet port li mits the control of the in-cylinder conditions and re-inducted charge will contain 
partial pressures of fuel vapour. This annuls two key benefits of GDI. 
Tuttle also performed the first significant work on LIVC by retarding the intake valve closing 
point by 60°, 80° and 96° at 1400 rpm on the p reviously described engine. The data showed 
that LJVC reduced BSFC by 6.5%. Pumping losses were a lso reduced, and a 25% reduction in 
NOx was recorded. HC emissions remained similar to throttled operation, and a reduction in 
the burn rate was noted. Tuttle concluded that 96° was the maximum IVC delay that could be 
tolerated, due to the loss in effective compression ratio, and that this was insufficient for 
complete vehicular control. 
Work by Genera l Motors s imulated LIVC operation on a 2.0L 4-cylinder gasoline engine at 2000 
rpm. This was done over a range of engine loads from 20% to 100% of maximum I MEP. The 
work suggested that LIVC could effectively control load down to 35% of the maximum IM EP. 
Below this, benefits reduced dramatically as additiona l intake throttling was required to 
prevent the intake valve being open during the combustion event. Above this, benefits reduced 
linearly until the simulations converged at 100% I MEP. A 6.3% saving in BSFC was predicted, 
with a thermal efficiency increase of 3% [Anderson et al., (1998)]. 
LIVC has often been combined with supercharging in the 'Miller cycle' to recover the volumetric 
efficiency. This involves closing th e inle t valve only once the cylinder pressure becomes higher 
than the output pressure of the supercharger. Efficiency gains are realised if the supercharger 
can compress the cha rge using less energy than the piston to do the same work. In addition, the 
boosted air can be passed through an intercooler to reduce the cha rge temperature and inhibit 
full load knock. Miller cycle operation has been shown to increase engine thermal efficiency by 
up to 4% [Okamoto et al., (1996)]. However, as Mille r cycle operation does not reduce engine 
load, and features a supercharger, Miller cycle operation will not be discussed further in this 
project. 
Late Inlet Valve Opening (LIVO) 
Late inlet valve opening involves delaying the opening of the intake valve unti l well into the 
intake st roke. This causes a partial vacuum to form within the cylinder before the valve opens. 
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When the inlet valve does open, the pressure d ifference across the valve is greater than normal, 
causing a higher mass fl ow rate into the cylinder. The increase in mass fl ow rate can be 
sufficient to charge the cylinder beyond that seen by the standard valve timing, despite the 
lower valve li ft a nd shorter opening duration. 
The PV diagram (Figure 18) shows the large, non-recoverable pumping losses involved in 
generating the cylinder depression during operatio n. At firs t glance this seems inappropriate 
for engine use. However, LIVO does show some potenti a l when combined with Gasoline Direct 
Injection. By reducing the in-cylinder pressure below the vapour pressure of the fu el, the spray 
can be made to fl ash evaporate on leaving the injector [Wigley et al., (2005)]. This can reduce 
the need for over-fuelling during cold s tart operation. An engine running LIVO profil es has been 
seen to produce 35% less HC emissions during cold s ta rt than a s tandard engi ne [Sellnau & 
Rask, (2003)], [Sellnau et a l., (2006)]. 
Pressure Volume Diagrams of FVVT Strategies 
A useful way of analysing valve s trategies is to plot the Pressure-volume (PV) diagrams. The 
integration of the compression and combustion strokes represents the gross indicated work 
per cycle, whil e the integration of the intake and exhaus t s trokes represents the pumping work 
The net indicated work per cycle is then calcula ted by subtracting the pumping work from the 
gross work PV diagrams for a s tandard engine running at wide open throttle, a partially closed 
throttle and an e ngine with EIVC, LIVC and LIVO profiles are provided in Figure 18. 
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2.3.2 CHARGE M OTION IN ENGINE CYLINDERS 
The components of airflow occurring within SI engine cylinders are described as 'Tumble' and 
'Swirl'. Tumble is organised rotation of the charge about a horizontal axis, while swirl is 
organised rotation about the cylinder axis (Figure 19). Tumble flows typically dominate in 
gasoline engines with pent roof designs, where as swirl occurs more prominently in Diesel 
engines. 
Tumble Swirl 
Figure 19: Tumble and Swirl 
Tumble is generated by induction of the majority of t he flow over the top of the inlet valves 
which is then fo rced down the cylinder walls and forced to rotate by the piston crown. Direct 
injection engines have used the tumble motion (in the case ofMitsubishi's GDI reverse tumble, 
generated by near vertical intake ports) to transport the fuel charge to the spa rk plug. Tumble 
motion decays rapidly during the intake stroke due to the distortion of the flow by the pis ton 
[Heywood, (1988)]. 
Swirl is generated during the induction process either by helical inlet ports tha t impart an 
a ngular momentum prior to the valves or by ports tha t direct the fl ow tangentially towards the 
cyli nder wall. Swirl decays s lightly due to fri ction with the pis ton and cyli nder walls, but in 
general persists throughout the compression, combustion and expansion strokes [Heywood, 
(1988)]. 
The tumble (Rr) and swirl (Rs) ra tio are methods for quantifying the tumble and swirl w ithin 
the cylinder during operation. They are defined as the angular velocity of a solid body rotating 
flow which has equal momentum to the actual fl ow, divided by the crankshaft rotational speed. 
Tumble and swirl ratios are calcula ted from swirl meters, optical measurements or 
computational techniques according to Equation 7 and Equation 8, where 'w' is the angu lar 
velocity of the flow in radians per second and 'N' is the engi ne speed in revolutions per second. 
Swirl and tumble ratios vary during the induction stroke, due to the change in angular 
momentum ente r ing the cyli nder as the valve lift, instantaneous pis ton speed and pressure 
difference across the valve vary. 
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Tumble Ratio, Rr Equation 7 
Swirl Ratio, Rs Equation 8 
Li et al. found the tumble vortex was fo rmed during the early compression stroke due to the 
pi ston a nd intake port design, and was unaffected by varying the engine speed over the low 
engine speeds covered (600rpm ~ 1200rpm). lt was also noted that the cyclic va ri ation was 
such that the ensemble averaged fl ow fi eld was not representative of any instantaneous 
velocity fi eld [Li et a l., (2002)], [Li e t al., (2002a)] . 
Elzahaby found that cyclic variabili ty in the tumble motion increased with sha llow pis ton 
bowls. He also found the swirl ratio increased with an increase in engine speed. The swirl ratio 
was a lso a ltered when a shrouded inlet valve was used, though the relationship between 
shroud angle and swirl ratio was found to be complex [Eizahaby et a l., (2004)]. 
Reeves found that large scale swirl pers isted through the compression stroke but found little 
evidence to support "spin up", where conserva tion of angular momentum suggests an increase 
in rotation rate as the flow is forced into the clearance volume near TDC compression [Reeves 
et a l., (1999)]. 
Flow past Intake Valves 
The combinatio n of the valve and intake port is one of the most important factors affecting 
induction of air into th e cylinder. The mass flow rate of ai r into the cylinder is a function o f the 
pressure di ffe rential across the valve and the valve fl ow area. The valve fl ow a rea depends on 
the valve's head, seat and s tem geometry, and is calculated using three methods, depending on 
the extent o f valve lift (Figure 20). 
Lv/D ~ 0.123 Lv/D ~ 0.125 
Low lift Intermediate lift High lift 
Figure 20: Stages of valve lift (Heywood, (1988)] 
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For low lifts Qv/ D < 0.123), the flow a rea is defined by the perpendicula r distance from the 
valve seat to the valve head. Fo r intermediate li fts, the fl ow area is s ti ll defined by th e distance 
between the seat and the va lve, but it is no longer perpendi cular. For high valve li fts, (lv/ D) the 
flow area is defined as the a rea of the port minus the a rea o f the valve stem. 
The three fl ow regimes may be identifi ed by measuring the discharge coefficient on a steady 
fl ow rig. This has been s hown to predict dynamic performance with reasonable accuracy 
[Heywood, (1988)]. At low lifts, the flow remains at tached to the valve head and seat and gives 
high values for the flow coefficient. At inte rmed iate lifts, the flow becomes separated from the 
valve head a t the inner edge and there is a sudden drop in the discharge coefficient. At high lifts, 
the flow also separates from the valve seat and a further drop in discharge coefficient occurs 
(Figure 21) . 
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Figure 21 : Flow regimes for various valve lifts [Heywood, (1988)] 
In-cylinder Turbulence 
Airflow processes in IC engines are highly turbu lent. In turbulent flows, the rat e of mixing. 
entra inment and heat trans fer may be an order of magnitude higher than the rates due to 
molecular diffus ion. Turbulent fl ows a re always dissipative, as the viscous shear s tresses 
perform work on the fluid and increase its internal energy at the expense of its turbulent 
kinetic energy. Turbulence will therefore decay without a source of energy. In IC engines, this 
energy is provid ed by shear in the mean fl ow. 
Turbulence is ro tational and is characte rised by high fluctuating vortici ty. It is a lso inherently 
random and statistical methods are the refore required to define its quali t ies. It is characterised 
by the mean velocity, the fluctuation about that mean velocity and numerous time and length 
scales. As the flow within IC engines a lso exhibits s ignificant cycle to cycle varia tion, ensemble 
averaging is often used to average the flow over many engine cycles. The instantaneous velocity 
a t a specific crank angle positi on can therefore be defined as a sum of the ensemble average 
velocity, the variation of the individual cycle mean velocity from the ensemble average velocity 
and the variation of the instantaneous flow from the individual cycle mean. This is represented 
schemati cally in Figure 22. The turbulence intensity is the root mean square of the velocity 
fluctuation u'. 
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Cycle Mean Velocity 
Ensemble Averaged 
Mean Velocity 
Figure 22: Decomposition of velocity into ensemble averaged, cycle mean and turbulence 
The physical dimensions of turbulence are described by turbulent length scales. A number of 
turbulent length scales exis t to define the different stages of eddy dissipation. The largest of 
these scales is known as the 'integral length scale' (11), and represents the largest distance 
between two points at which the flow velocity is correlated. The integral length scale is linked 
to the engine geometry features, and eddies wi thin this range contain the bulk of the fl ow's 
turbulent kinetic energy. Calculating the integral length scale requires the flow velocity t o be 
measured at two points simultaneously. As this can be di fficu lt to achieve in practice, the 
integral time scale is often measured as an alt ernative. The integral time scale (Ti)is the time 
required for an eddy to pass a point and is related to the length scale by the foll owing 
relati onship (Equation 9). 
Equation 9 
Smaller eddies are generated from larger eddies by a process of vortex s tretching and 
shrin ki ng. During this process the kineti c energy is neither created nor destroyed but 
t rans fer red from the larger to the smaller eddies. The size of the smallest eddies is calcu lated by 
the Kolmogorov micro scale (~k) . This is determined by the viscosity of the fl uid an d the rate at 
which energy is being supplied by the larger scale eddies. It is in this region tha t turbulent 
kinetic energy is dissipated by friction to heat energy. A Kolmogorov t ime scale may also be 
calculated in s imi lar fashion. 
This integral length scale during inducti on is of similar magnitude to the valve lift during the 
intake s troke, and then it relaxes to the shape of the cyli nder during compression. Around TDC, 
it approximately scales w ith the clearance height. Kolmogorov scales dur ing the intake stroke 
are of the order of0.0 2mm and at the end of compression are typically of the order of 0.03mm. 
Table G:Turbulence length scales at 1500rpm [Stone, (1999)] 
u' 0 11 I m lk tl tm tk 
90°ATDC 5 m/s 20 m/s 4.0 mm 1.0mm 0.02 mm 0.4 ms 0.07 ms 0.04 ms 
TDC comp 15 m/s 10 m/s 4.0mm 1.0 mm 0.03 mm 0.8 ms 0.20 ms 0.12 ms 
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In flows where the turbulence is isotropic and homogenous, and the rate of supply is equal to 
the rate of dissipation, the integral length scale and Kolmogorov scale are related by the 
Reynolds number ( lk/ l1 = Re·C3/4l). These assumptions are not valid during the intake stroke, 
where turbulence velocities fall substantially after valve closing. However, it is the turbulence 
around TDC combustion that is of interest, as this affects the burn rate. Although data is 
somewhat application specific, it has been shown that, in the absence of intake generated swirl, 
the turbulence intensity at TDC has a value of approximately half the mean piston speed 
[Heywood, (1988)]. 
2.3.3 VARIABLE VALVE TIMING SYSTEMS 
Variable valve trains are now an established feature on many production engines, with 
mechanical two-stage cam switching systems being the most common. One of the earliest 
examples was the Honda DOHC VTEC (Figure 23). This consisted of three rocker arms with 
inner and outer cam profiles for low and high speed operation respectively. At the lower engine 
speed, the inner cam was free to rotate, but as the engine speed increased beyond the switch-
over point, hydraulic fluid forced a connecting pin to lock the inner and outer cam lobes and the 
valves were driven by the larger central cam [Hong et al., (2004)]. Similar two stage systems 
were developed by most major car manufacturers. 
low lift outer cam----~ 
,.,;; 
Figure 23: Honda DOHC VTEC (Honda Motor Co. lnc) 
Sliding pin to engage 
high lift cam 
Two stage systems offered only discreet variation in valve profiles. For engine load control, 
Continuously Variable Valve Timing (CWT) systems are required. As such, CWT is an 
extremely active area of research, with over 600 patent applications per year [Hannibal et al., 
(2004)]. Systems are often classified according to the manner of valve actuation, and electrical, 
hydraulic, pneumatic and mechanical systems have been proposed. 
Mechanical systems 
Mechanical CWT systems are the most common design and are currently the only type to have 
made full production. They involve complex mechanisms capable of continuously varying both 
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li ft and duration. Such systems can be classified according to the number of moving 
components (Table 7). The lift curves either generate maximum lift at a constant cam angle 
(and hence also require cam phasing), or automatically advance the valve lift so that no further 
cam phasing is necessary. Examples of these valve li ft profiles a re provided in Figure 24. 
Table 7: Mechanical CVVT 
#Moving Developer 
Components 
4 BMW Valvetronic 
4 Univalve 
4 Daimler Chrysler 
5 METAmotor 
6 Unisia - Nissan VEL 
6 Delphi 
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Reference 
SAE: 2000-01-1227 
SAE: 2006-01-0223 
SAE: 2005-01-0770 
SAE: 2003-01-0026 
SAE: 2001-01-0243 
SAE: 2000-01-1221 
120 180 240 :JlO l60 420 ~ ~0 600 
a) Nissan VEL: Cam phasing Required b) Meta Motor: Automatic advance 
Figure 24: Variable valve timing with a) phasing required b) automatic advance 
One of the most well known mechanical cvvr systems is the BMW 'Valvetronic', which went 
into production in 2001. The system combined BMW's "Double VANOS" cam phasing system 
with continuous ly variable lift. This was achi eved through an additional intermediate lever, and 
an eccentric shaft that could be rotated by 170°. Rotation of the shaft determined whether the 
rocker arm was activated by the 'flat' region of the rocker arm for minimum lift (Figure 25), or 
the steep region for maximum lift. Valve lift was variable between 0.25 mm and 9.7 mm and the 
response time of the system was 0.3s. The camshaft was simultaneously phased with the 
VAN OS units, allowing complete control of the valve timing strategy. 
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Return Spring 
shaft 
Figure 25: BMW Valvetronic 
At low speeds and loads, the increase in friction was compensated for by the reduction in 
throttling losses. Fuel consumption benefits of 18% were recorded at low loads, reducing to 6% 
at high loads, with a 10% gain in BSFC over th e NEDC drive cycle. However, the system was also 
expensive and was limited to engine speeds below 5000 rpm [Flie r! & Kli.iting, (2000)]. 
High lift and short duration valve profiles have already been shown to produce the greatest 
benefits in fuel economy under EIVC operation. To compare the mechanical CVVT systems, the 
va lve li ft against valve duration were plotted (Figure 26) . The opening point of each system has 
been defined above O.Smm lift to account for any variation in opening ramps. 
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Figure 26: Lift v Duration profiles for mechanical CVVT's (+ Hotfire) 
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Electro-magnetic FVVT 
Although mechanical systems now provide a wide range of continuous variabi lity, any cam-
based system is limited to applying the same valve profile to each valve and to each cylinder. 
Fully Variable Valve Trains (FVVT's) are the only systems to optimise operating strategies 
under all engine conditions. 
Several companies have developed electromagnetic FWT's, including BMW, GM a nd Siemens 
[Chang et al., (2003).]. Electromagnetic FWT's connect the valve to two springs and two 
electromagnetic actuators. One of the actuators holds the valve at one end and then releases it. 
Neglecting friction, gravity and gas force, it moves freely beyond the equilibrium position unti l 
it reaches the opposite end of the unit. The lower actuator is then instantly turned on to hold 
the valve at the new position. 
Electromagnetic systems have been limited by high power consumption, poor soft touchdown 
capabilities and difficulty in packaging the actuators. As such, these systems have not been 
mass produced. 
Electro-hydraulic FVVT 
Electro-hydraulic valve trains control the valve position by controlling the flow of hydrau lic 
fluid into and out of an actuation chamber. The high power density ofhydraulks provides fast 
valve accelerations. However, such systems tend to require greater mechanical power than 
mechanical systems, require preventative measures to prevent valves striking the piston and 
require extensive thermal management to control the temperature of the hydraulic fluid. 
The Lotus A VT is a fully variable e lectro-hydraulic valve train for research applications. lt 
consists of a piston inside a hydraulic cylinder wh ich is attached to each poppet valve. 
Hydraulic fluid is fed into the hydrauli c cylinder e ither above or below the piston to move the 
valve. The flow of hydraulic fluid is controlled by a High Speed Servo Valve (HSSV). The AVT 
system is capable of operating almost any valve profile within the limits of engine geometry and 
maximum valve velocity, whilst maintaining 'soft-touchdown' capabilities. The instantaneous 
valve position is measured by a fast linear displacement transducer located on top of the 
assembly. This a llows the valve position to be continually compared to the demanded profile 
and manually 'fine-tuned' through the use of a series of pressure and differential gains. The 
system is capable of lifting each valve individually and of performing multiple lifts within one 
engine cycle [Allen & Law, (2002)], [Pitcher et al., (2004)]. A thorough description of the AVT 
system is provided in section 4.1.4. 
A s implified system was a lso developed for use on production engines. This was based on the 
resea rch system, but replaced hydraulic closing with spring closing, reduced the number of 
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high speed servo valves used and repositioned the linear displacement transducer to reduce 
the unit height. The production system was fully variable up to 15mm valve lift, up to an engine 
speed of3500 rpm, with 'soft touchdown' capabilities on all valves and was capable of mu ltiple 
openings [Alien & Law, (2002)) 
Electro-pneumatic FVVT 
Although somewhat rarer than other designs, Electro-pneumatic FVVT systems have been 
proposed as a new approach to FVVT [Watson & Wakeman, (2005)). The advantages of such 
designs include insensitivity to the viscosity of the working fluid, and external leakage being 
irrelevant. However, electro-pneumatic systems are constrained to working with lower 
pressures, and temperature swings can be significant. Furthermore, the compressibility of the 
gas makes valve lift shaping difficult and there is significant cost associated with installing a 
pneumatic system on the engine. As such, such systems are not being widely investigated. 
2.4 OPTICAL ENGINES 
Development of internal combustion engines requires a micro scale analysis of the turbulence, 
mixing and combustion processes. Optical diagnostic techniques are useful for understanding 
these processes, as they do not disturb the flow being measured. However, these techniques 
require optical access to the traditionally opaque cylinder. Optical engines have typically been 
designed around single cylinder configurations with optical windows built into the combustion 
chamber. The following section discusses different methods for gaining optical access to the 
chamber. 
Bespoke optical research engines are extremely expensive and relatively rare. Production 
engine geometries are normally modified to allow some optical access to be gained. Several 
methods exist for gaining optical access to the cylinder. These vary according to the amount of 
optical access gained and the components required. Optical probes are commonly used to 
investigate unmodified IC engines. Access is typically gained through the spark plug gap. Optical 
probes consist of two fibre optic bundles. One bundle provides the light source while the other 
collects the scattered light and carries it to an endoscopic camera. Fibre optic probes can be 
damaged by extremes of heat and pressure and the field of view of the endoscopic camera is 
highly restricted (Figure 27). 
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Figure 27: Endoscopic images of the Hotfire thermodynamic engine 
When large areas of optical access a re required, entire components may be manufactured from 
optical materials. While manufacturing costs can be extremely high, access can be gained to a 
greater proportion of the cylinder (Figure 28). 
Figure 28: Lotus SCORE fully optical cylinder liner 
Typical window materials a re Quartz (a lso known as Fused Silica), Pers pex (also called 
Plexiglas, Lucite or Acryli te) and Sapphire. The choice of mate ri al is based on the physical, 
thermal and optical properties (Table 8). 
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Table 8: Optical Engine Material Properties 
Material Chemical Tensile Specific Density Therm. Melting Refractive 
Species Strength Heat Conduct. Point Index 
MPa J/kg.K kg/m3 W/m.K oc 
Quartz 1 Si02 48 670 2200 1.4 1683 1.46 
Sapphire2 AI203 400 761 (at 3980 23.1 at 18°C 2303 1.77 
291K) 
Perspei PMMA 55-80 1.3-1 .7 1190 0.17-0.19 <100°C (if 1.49 
at 20°C4 treated) 
Cast Iron 130 0.46 7150 27-46 1175- 1290 
(1-4%Cl 
Aluminium6 400 24.2 2700 237 660 
Titanium7 830 25.1 4506 21.9 1668 
Quartz is often used for optical cylinder liners, due to the material's high melting point and 
resistance to scratching. Perspex suffers from a low melting point, is less resistant to scratching 
and is typically restricted to low temperature and low wear components such as optical intake 
runners. The use of sapphire is often limited by the high costs involved and its use is limited to 
simple small windows, despite the materia ls favourab le physical, thermal and optical 
properties. 
Although every care may be taken in the design and operation of an optical engine, it will often 
not accurately represent the performance of the production engine on which it was based. The 
thermal properties of the optical components are usually highly different to the metals in 
engines, and this has a large effect on the heat losses through the cylinder walls. In addition, the 
extra mass of the elongated piston, which is necessary to gain optical access to the cylinder, 
along with the inherent problems of balancing a single cylinder, typically limit engine speeds to 
below 2000 rpm (Table 9). 
t http:/ fwww.quartz.comjgedata.html 
2 http:/ fwww.mt-berlin.com/frames_cryst/descriptions/sapphire.htm 
3 www.tangram.co.uk/TI-Polymer-PMMA.htmi#A&L 
4 http:/ fwww.electronics-cooling.com/articles/2001/2001_may_techdata.php 
5 http:/ fwww.engineeringtoolbox.com 
6 http:/ jen.wikipedia.orgjwiki/Aiuminum 
7 http:/ fen.wikipedia.org/wiki/ Titanium 
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Table 9: Selection of published optical engine tests 
Publication Max Speed 
D P Towers and C E Towers (2004), "Cyclic variability measurements of in-cylinder 2000 rpm 
engine flows using high-speed particle image velocimetry", Meas. Sci. Technol. 15 
(2004) 1917-1925 
S. Jarvis, T. Justham, A. Clarke, C.P. Garner, G.K. Hargrave, (2005), "Time Resolved 1500 rpm 
Digital PIV Measurements of Flow Field Cyclic Variation in an OpticaiiC Engine", 
Journal of Physics: Conference Series 45 (2006) 38-45 
R. Huang, C. Huang, S. Chang, H. Yang , T. Lin, W . Hsu, "Topolog ical flow evolutions 1500 rpm 
in the cylinder of a motored engine during intake and compression strokes", Journal 
of Fluids and Structures 20 (2005) 10~127 
A. Kakuho, K. Yamaguchi, Y. Hashizume, T. Urushihara and T. ltoh, (2004), "A Study 1400 rpm 
of Air-Fuel Mixture Formation in Direct-Injection SI Engines", SAE 2004-01-1946 
The low heat transfer rates through the optical components and lack of cooling fo r the cylinder 
liner results in optical engines having very short experimental run times. Most optical engines, 
even when being operated at low engine speeds, a re limited to a few minutes opera tion. Even if 
the temperatures can be controlled, the need to keep the optical surfaces clean fro m deposits of 
oil, fuel and combustion products stil l li mit the length of the experimental run. As such, 
operating an optical engine can be extremely la bour intens ive. 
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3 REVIEW OF OPTICAL D IAGNOSTICS 
Optical diagnostics is a branch of measurement techniques where light is used to transmit 
information from the region of interest to a light sensitive chip or sensor. Optical techniques are 
particularly popular in flu id dynamics as light does not influence the flow being measured. 
Many different techniques can be classified as being part of optical diagnostics, and, as such, the 
following chapter will on ly discuss those that have been applied in this project 
One method for classifying optical diagnostic techniques is by the incident light source. Simple 
imaging techniques may use basic flash lamps, but the majority of techniques use a laser. Laser 
light is unidirectional, coherent and monochromatic, and very high intensities can be achieved. 
Another method for classifying optical diagnos tics is by the duration of the incident light. The 
PIV technique uses pulses oflaser light to illuminate a plane of the flow at two or more points in 
time, whereas the LDA technique uses two continuous crossed laser beams to illuminate a point 
in space at a ll times. 
In all optical diagnostic techniques, the incident light must be scattered by t he flow, and then 
scattered light must be collected and recorded on a light sensitive detector. Often, the fl ows 
under investigation do not exhibit a change in refractive index, and so substances which scatter 
or absorb and emit light must be added to them. A third method of classifying the techniques is 
by the manner in which the light is scattered. Flows may be marked by add ing light scattering 
particles to the flow. These are normally solid particles or liquid droplets in gaseous flows, or 
solid particles or gaseous bubbles in liquid flows. These are known as e lastic t racers, as the 
wavelength of the scattered light is identical to the wavelength of the incident light. 
Alternatively, inelasti c tracers may be used. These are chemicals which fluoresce when excited 
by a laser pulse. The fluorescent photon is of a lower energy, or longer wavelength, than the 
incident photons. An overview of the different opti cal diagnostic techniques to be discussed in 
this thesis is given in Figu re 29. 
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Figure 29: Optical Diagnostics covered in Hotfire Project 
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3.1 LIGHT SCATTERING FROM SMALL PARTICLES 
3.1 .1 ELASTIC LIGHT SCATTERING FROM SMALL PARTICLES 
Gasoline droplets from GDI injectors and seeding particles for LOA, PDA and PlY experiments 
typically exhibit diameters in the region of 1 to 100jlm. In this size range, the surface tension 
force dominates over the inertial force and the droplets form spheres of uniform density. The 
fluids used in these experiments are typically non-fl uorescing, and so an elastic scattering 
regime occurs, with the scattered light havi ng the same wavelength and frequency as the 
incident photon. For droplets with the above properties, the scattered light may be estimated 
by using a Lorenz-Mie solution to the Maxwell equations [van de Hulst, H.C, (1957)]. An 
example of the Mie scattered light intensity against scattering angle for a water droplet in air is 
shown in Figure 30. 
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Figure 30: MIE Intensity v Scattering angle for a 10 ~m water drop in Air under 532nm 
Wavelength , produced by Mieplot v3.4 [www.philiplaven.com/mieplot.htm] 
Figure 30 was produced using the freely available software program 'Mieplot' , which uses the 
Debye series to decompose Mie's solution into the components from the reflected, 1st order 
refracted and 2 nd order refracted light (Figure 31). These are calculated based on the laws of 
refl ection, refraction and the Fresnel equations (Equation 10 to Equation 16). 
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2nd order refracted 
Figure 31 : Scatter from a droplet due to geometric optics 
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An incident light beam is partially reflected and partia lly refracted at the liquid boundary. The 
refracted light is bent towards the normal and passes through the d roplet until it meets the far 
surface of the droplet. Here again, part of the light is internally reflected and part is refracted 
and leaves the droplet. The light leaving the droplet is known as the fi rst o rder refracted light 
and leaves at an angle $ 1. The process co ntinues with the internally reflected light eventually 
meeting another droplet boundary, where the second order refracted light leaves the droplet a t 
an angle $ z. Though the process continues, the vast majority of light energy (95%) is accounted 
for by the reflected, 1st order refracted and 2 nd order refracted beams. 
In PDA measurements, the position of the receiver determines which type ofl ight is collected. 
With the receiver at 30° to the beam, both refl ected and fi rst order refracted light is collected, 
while at 70°, the reflected light is negligible and only first order refracted light is collected. This 
is known as the 'Brewster angle' and is often used in PDA measurements with the Laser 
polar isation parallel to the scatter ing plane to ensure only a single dominant scattering mode is 
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detected. A disadvantage of this angle is that the intensity of scattered light is relatively low. 
Plots of scattered light intensity with scattering angle for plane parallel polarised and 
perpendicular polarised light are provided in Figure 32 and Figure 33. 
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Figure 32: Intensity v Scattering angle for a 100 J,Jm water droplet (refractive index, n = 1.331) 
in air from a 514.5 nm laser with parallel polarisation to the scattering plane (Mieplot v3.4) 
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Figure 33: Intensity v scattering angle for a 100J,Jm water droplet (refractive index, n = 1.331) in 
air from a 514.5 nm laser with perpendicular polarisation to the scattering plane (Mieplot v3.4) 
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3.1.2 INELASTIC LIGHT SCATTERING FROM MOLECULES 
Inelasti c light scattering occurs when the scattered photon is of longe r wavelength, and hence 
lower energy, than the incident photon. This is a lso known as fluorescence and is the scattering 
technique used in Laser Induced Exciplex Fluorescence experiments. 
When a light photon of the correct wavelength s trikes a molecule, it may be abso rbed, exciting 
that molecule to a higher energy state. This excited molecule is unstable and must return to its 
ground state in o ne of three ways: The molecule may relax by emitting a photon of equa l 
wavelength to the incident light (an elastic process known as Rayleigh scattering), or may 
transfer its energy to a non-radiative molecule (known as quenching), or may transfer to 
another excited ene rgy state. This process requires energy, a nd hence, when the molecule 
relaxes by spontaneous emission from its new ene rgy level, the photon is of lower energy and 
longer wavelength. The process of absorption, transfer and spontaneous emission take 
approximately 10 nanoseconds. Depending upon the energy levels of the molecule and the 
frequ ency of the incident light, the photon may transfer between one or more of several energy 
levels before emission. An example of this where the scattered photon does not leave the 
molecule in its ground state is known as Raman scattering. 
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3.2 IMAGING 
3.2.1 IMAGING CAMERAS AND LENSES 
lmaging involves focusing a region of scattered light onto a light-sens itive surface. Recently, 
cameras featuring a wet film have been replaced by digita l cameras with a light sensitive chip. 
Digital cameras may be classified by the type of chip used to capture the image. Most cameras 
feature either a 'charged coupled device' (CCD) or a Complementary Metal Oxide 
Semiconductor (CMOS) chip, both of which typically contai n over a mill ion light sens itive pixels. 
A CCD sensor is an array of photosensitive capacitors governed by a CCD control circuit. Each 
capacitor consists of a semiconductor in an electric fie ld. When a photon strikes the pixel, an 
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electron is released via the photoelectric effect and charge is s tored in the capacitor. On 
completion of the exposure, the CCD control circuit causes the charge in each capacitor to be 
transferred to its neighbour. The last capaci tor in each row passes the charge to a charge 
amplifier w here it is converted into a voltage, digitised, sampled and stored into memory. CCD 
cameras are often used in imaging experiments. 
CMOS cameras a lso contains an array of light sensitive pixels, but instead of passing the charge 
down the row of capacitors, each pixel contains a transistor circuit that amplifies the charge 
and transfer it off the chip. As photons which strike the transistor circuitry are not recorded, 
CMOS cameras tend to have a lower sensitivity than CCD cameras. However, as charge is 
transferred off the chip almost immediately, the readout time of CMOS cameras is significantly 
faster than CCD's and they are capable of much higher repetition rates. CMOS cameras are often 
used in high speed PIV measurements. 
Lenses focus scattered light onto the camera ch ip. They are described by their focal length and 
aperture. The focal length represents the strength with which light entering the lens is 
refracted. The aperture is a physical restriction which limits the amount of light entering the 
lens (Figure 34). 
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Figure 34: Camera focal length and aperture 
The ratio between the focal length and the diameter of the aperture is known as the f-number. 
The f-number is set to one of a range of values known as 'f-stops'. Reducing the camera f-
number by one f-s top allows twice as much light to pass through the lens. However, reducing 
the f-number a lso reduces the 'depth of field'. The depth of fi eld is the total distance appearing 
in focus e ither side of the object (Figure 35). 
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Figure 35: Depth of Field v f-number, (Image to chip magnification: 10:1, 532 nm light) 
3.2.2 CAMERAARRANGEMENTS 
The angle between the incident light a nd the camera affects the light scattering mechanism. 
Common arrangements are described as shadowgraph, backscatter o r side-scattering. 
In a shadowgraph arrangement, a diffuse light source is placed behind the scatter ing particles, 
and incident light is refracted away from the camera. This causes areas of high droplet density 
to appear dark and the un-scattered backgrou nd areas to appear bright The backscatter 
arrangement positions the light source and camera on the same side of the scattering particles, 
and may be used when optical access can only be gained fro m one direction. Light photons are 
refl ected back off the scattering particles and regions of high particle density appear bright on a 
dark background. In the side scattering arrangement, the light source and collection device are 
positioned at a non linear angle from each another, often a t 90°. This is often used on optical 
engines when the light source is directed up through a window in the piston crown. However, 
in dense sprays, the light cannot propagate through the scattering particles and the side of the 
image facing the light source appears brighter than the side facing away (Figure 36). 
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Figure 36: Shadowgraph, backscatter and side scatter imaging arrangements of a Siemens 
pressure swirl injector at 100 bar, 2.0ms ASOI (Right Hand Image taken at 2000 rpm) 
Laser light sheets may also be used in imaging studies to take a 'slice' through the fue l spray to 
be recorded, instead of an integration of the complete fuel cone. However, in dense fuel sprays, 
poor light propagation may cause the intensity on the far side of the fuel spray to be 
considerably lower than on the incident side (Figure 37). 
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Figure 37: Light sheet imaging of a pressure swirl GDI spray (lntensities inverted) 
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3.2.3 IMAGING LITERATURE REVIEW 
A review of the ava ilable lite rature showed that spray imaging has been used extensively to 
investigate direct injection fuel sprays. In many cases, the cameras used for imaging are a lso 
suitable fo r other optical techniques such as LI EF and PIV, and imaging has often been used in 
conjunction with these techniques. Digital CCD cameras have significantly increased the speed 
and ease with which images may be collected and processed, and the increased availab ili ty of 
these cameras since the turn of the century has dramati cally increased the rate at which papers 
have been published. 
When imaging studi es have been used in isolation, it has typically been to study fuel injection 
fundamentals in quiescent chambers. Historically, this was firs t performed on Diesel injectors, 
where the spray atomisation was more critical than in port fuelled engines. The influence of 
injector nozzle geometry, injection pressure and ambient conditions on the sp ray from a Diesel 
injector was investigated by M organ et a], w ho used both s till photography and high speed 
backlit imaging to investigate the penetration a nd spray struct ures of various Diesel injector 
designs in a rapid compression machine. Six injector nozzles were tested at fu el injection 
pressures up to 1600 bar and ambient conditions of up to 80bar and 430°C. The study showed 
that higher injection pressures caused greater t ip penetrations and a reduction in the mean 
droplet diameter. The penetration ra te also increased w hen the gas de nsity was reduced, e ither 
by increasing the ambient temperature or reducing the ambient pressure. A somewhat 
surprising result was that for fuel pressures above 1300bar, little change occurred. This was 
explained by s maller droplets evapora ting more quickly and reducing the apparent penetration 
seen by the imaging technique [Morgan et al., (2001)). 
lmaging has normally been combined with either LIF or PIV studies, as the same cameras are 
often suitable in both applicati ons. Kuwahara a nd Ando used laser shadowgraph imaging, along 
with PTV and LI F, to understand the airflow structures, fuel distribution and combustion 
characteristics occurring in the cylinder of a Mitsubishi GDI engine. The laser images showed 
that the wide spacing layout and reverse tumble enabled precise control of the mixture 
strength around the spark plug, and demonstrated the freedom available in injection timing for 
control of mixing [Kuwahara & Ando, (2000)]. Chang et al. also performed a shadowgraph 
study, but combined it with PlV and PDA to cha racte rise the spray development, spray 
penetration, and global spray structu re over a range of injection pressures [Chang Sik Lee et al., 
(2001)], 
Gold et al. used shadowgraph images to investigate the spray s tructures formed from a 1 st 
generation GDI engine operating in homogenous charge mode at lS OOrpm on an optically 
accessed Ricardo s ingle cylinder engine. These resul ts were then compared to LIF s tudies on 
the same engine. The group determined tha t the DI fuel spray was deflected by intake air 
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during the homogeneous operating mode, and that injection timing played a substantial role in 
the mixture formation processes. Optimum injection timings occurred at 30° ATDC [Gold et a l., 
(2001)]. 
lmaging was also used in conjunction with LIF by Ortmann et a l. to ana lyse the mixture 
preparation for two types of injector (pressure swirl and multi-hole) in three types ofGDI 
engines (wall guided, a ir guided and spray guided). The group used backlit spray imaging of the 
injectors in a high pressure vessel to s tudy fundamental injector performance [Ortmann e t al., 
(2001)]. Stojkovic and Sick performed simultaneous Mie and LIF imaging measurements on a 
hollow cone fuel s pray using only one intensified CCD camera by means of splitting the 
collected light with a series of dielectric mirrors. The sprays were injected onto a flat surface 
and the extent of the fuel film was quantified [Stojkovic & Sick, (2001)]. jermy et a l. combined 
Mie images with LIF to measure the performance of direct and port injection LPG injectors in a 
high pressure bomb. They found that the charge cooling effect of the direct injection syst em 
could mitigate the loss of power which occurred from converting from gasoline to LPG, a nd that 
LPG sprays were similar to gasoline Uermy et a l., (2004)]. 
For spray characterisation, imaging studies have often been combined with Phase Doppler 
Anemometry, allowing droplet velocities and sizes to be studi ed and compared with overa ll 
spray dimensions. An example of this was performed by Choi et al., who used a shadowgraph 
Mi e imaging technique alongside PDA measurements to investigate the spray from a GD I 
injecto r. Cross flows were then investigated by placing the apparatus in a wind tunnel [Choi et 
a l., (2000)]. Later work by Hargrave also used laser sheet imaging along with the PDA 
technique to investigate spray structures ofGDI fu el sprays. The group concluded that the 20 
planar imaging and PDA's point measurement t echnique were complementary techniques 
[Hargrave, (2000)]. 
Panao and Moreira a lso used Mie and shadowgraph imaging to study the sp ray from port fue l 
injector into atmosphere and also onto a so lid wall in a cross fl ow, and combined this with PDA 
measurements of the droplet size and velocity. They determined that the wall caused a three-
dimensional vorti cal structure that entrained droplets and contributed to the build up of a 
liquid film [Panao & Moreira, (2002)]. 
Pitcher et al. a lso made backlit images inside an opti cal engine running at 1500 rpm to 
investigate the effect of early inlet valve closing, late inlet valve opening and controlled a uto 
ignition valve profiles with negative valve overlap on a pressure swirl GDI spray. LOA 
measurements were also taken inside the combustion chamber [Pitcher et a l., (2004)]. An 
extens ion of this work at a variety of engine speeds was also conducted in 2005 by Wigley e t al. 
[Wigley et al., (2005)]. 
59 
3.3 PARTICLE IMAGE VELOCIMETRY 
The following section describes the developme nt of Particle Image Velocimetry (PIV) and the 
operation of a PIV system. The advantages and limitations of the technique a re discussed along 
with a literature review featuring PIV measurements inside internal combustion engines. A 
summary of possible future developments which show potential for engine development is also 
included. 
3.3.1 DEVELOPMENT OF PARTIClE IMAGE VELOCIMETRY 
PlV is an optical diagnostic technique capable of measuring fluid velocities over a 2D plane with 
high temporal and spatial resolution. In its most s imple configu ration, it involves observing the 
position of tracer particles added to a flow at two sequential points in time. Such a description 
could be app li ed to many situations, leading Ronald Adrian, one of the pioneers of the 
technique, to define modern PIV as: 
''The accurate, quantitative measurement of fluid velocity vectors at a large number of 
points simultaneously., 
R. Adrian, (2005) "Twenty Years of Particle Image Velocimetry", Experiments in 
Fluids 39, p159- 169 
PIV developed from a technique known as 'Laser Speckle Photography', which used the 
interference fringes that occurred when a heavily seeded flow was illuminated by laser light to 
measure the displacement of the fluid. In the mid 1980's, Pickering and Halliwell recognised 
that many of the laser speckle images contained individual pa rticle images, and that velocity 
information could also be recovered from these double-exposed images. Furthermore, red ucing 
the seeding density would allow PIV to be used in much higher Reynolds number flows than 
Laser Speckle Photography [Pickering & Halliwell, (1984 )]. Later that year, Ronald Adrian 
separately published a paper describing a similar PIV technique in more detail [Adrian, (1984)]. 
Both parties would continue to be at the forefront of PIV development for many years. 
Early PIV systems used a mechanically shuttered laser to illuminate the fl ow and attempted to 
capture both images on one frame of photographic film. During processing, it was impossible to 
know which particle image came from which laser shot. This 'autocorrelation' resulted in 
vectors which were directionally ambiguous by 180°. This could only be overcome by 
significantly increasing the complexity of the experiment. The development of digital CCD 
cameras allowed modern PIV systems to record two separate images and employ a 'cross-
co rrelation' analysis. Cross-correlation removed th e directional ambiguity of autocorrelation 
and reduced the number of particles required in each interrogation area. This was known as 
Digita l Particle Image Velocimetry (DPIV) and is now sufficiently well established that it is now 
simply referred to as PIV. 
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During the early 1990's, several papers were published establishing the 'rules of thumb' for 
operating a PIV system. Many of these guidelines a re still in use today and will be described in 
detail in this section. The fo llowing papers are widely recognised as seminal publications in the 
optimisation of PIV experiments and are regularly referenced. 
Table 10: Seminal PIV Papers 
• R. D. Keane and R. J . Adrian, (1990), "Optimization of Particle Image Velocimeters: Double 
Pulsed Systems", Measurement Science and Technology, Vol. 1 
Established that autocorrelation PIV systems require 10-20 particle images per interrogation 
area. Also quantified the statistical bias involved with velocity gradients. 
• R. J . Adrian, (1991 ), " Particle-lmaging Techniques for Experimental Fluid Mechanics", 
Annual Review Fluid Mechanics, Vol. 23, 
Established the Y.. rule of thumb for particle image shifts. 
• R. D. Keane and R. J . Adrian, (1992)"Theory of Cross-Correlation Analysis of PIV Images" , 
Applied Scientific Research, Vol. 49 
Established the benefits of cross-correlation analysis and specified that cross-correlation reduced 
the number of particle required in each image requirement from 15 to 7. 
• J. Westerweel (1997), " Fundamentals of Digital Particle Image Velocimetry", Measurement 
Science & Technology 8 p.1379- 1392. 
Established that particle diameters should be greater than two pixels to prevent peak locking in 
digital PIV systems. 
• Melling (1997), "Tracer particles and seed ing for Particle Image Velocimetry", Meas. Sci. 
Technol. 8, p.1406-1416 
Specifies the requirements of tracer particles for PIV, with respect to their flow tracking capability 
and ways of introducing them to the flow. 
3.3.2 P RJNCIPLE OF PARTICLE IMAGE VELOCIMETRY 
PIV involves a ligning two pulsed lasers so their output beams follow the same optical path 
(Figure 38). This path contains a divergent cylindrical lens which forms a 1 mm thick light sheet 
with each pulse. The light s heets are then directed into the moving fluid, which has been seeded 
with light scattering particles. The size and density of the seed ing particles is carefully selected 
to ens ure the particles have the same velocity as the flow. The two laser pulses are fi red with a 
short, known time step between them. The scattered light from each pulse is captured by a 
camera located a t 90° to the light sheet One image is captured for each pulse oflaser light and 
then saved to computer memory. In the time st ep between the pulses, the light scattering 
particles move a short distance. 
The captured images are broken down into a series of interrogation areas, for example a region 
of64 by 64 pixels. Each of the interrogation areas contains the images of a number of the light 
scattering particles. The interrogation area from the second picture is overlaid on the 
corresponding area from the first pictu re and then shifted across the first image in two 
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dimensions, whilst the level of overlap is measured. When the particles in the second image 
align with the particles in the first, the greatest overlap is detected and a peak in the correlation 
curve is found. The position of this peak represents the distance the particles have moved in the 
time step and, hence, the displacement of the fluid. The displacement is then divided by the 
time ste p to produce one vector for that interrogation area. The process is repeated for each 
interrogation area until a two dimensional flow fi eld is generated. The spatial resolution of the 
flow field is determined by the size of the interrogation area and the temporal reso lution is 
determined by the frequency of the double pulses. 
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Figure 38: Particle Image Velocimetry (Courtesy of Dantec Dynamics) 
3.3.3 PIV H ARDWARE 
Data Data 
analysis 
The key components of a PlY system are the laser and light sheet optics, the CCD camera and 
lens combination, and the generation and distribution of the seeding particles. 
Laser and light sheet optics 
PlY lasers contain two laser caviti es which produce one pulse each. The laser cavities 
accumulate laser energy before a 'Q-switch' opens to produce a high intensity pu lse lasting 
approximately 3-5 ns. The pulses from each cavity are aligned by a series of mirrors and prisms 
and are passed through a frequency doubling crystal which halves the fundamental wavelength 
of 1064 nm to 532 nm. These beams are then passed through a light sheet optic that contains 
one biconvex (converging) lens to waist the beam into the flow and one biconcave (diverging) 
le ns to form the divergent light sheet. The light sheet sti ll maintains the Gaussian intensity 
profile of the original beam, and the 'edges' of the light sheet are defined as the diameter at 
which the intensity falls to half its maximum value. The thickness of the light sheet is a 
compromise between preventing particles outside the pla ne of interest from scattering light 
and limiting the number of particles in the light sheet which leave the plane of interest after the 
first image. Raffel suggested that out-of-plane motion should be less than 30% of the light sheet 
thickness, although this can be difficult to achieve in highly turbulent IC engines [Raffel et al., 
(1998)]. The laser specification is provided in Table 11 and the light sheet optic details are 
provided in Table 12. 
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Table 11: PIV Laser Specification 
Laser New Wave Solo 120 
Laser Power (532nm) 120 mJ 
Laser Power (256nm) 20 mJ 
Max Repetition Rate 15 Hz 
Pulse W idth 3-5 ns 
Divergence <3 mrad 
Power Requirement 1000 watts 
Operating Temperature 10°C - 30°C 
Table 12: Light Sheet Optic Specification 
Light Sheet Optic 
Sheet thickness 0.5mm to 2.5mm (Adjustable) 
Divergent lenses f = -20mm. -1 Omm 
Divergence Angle 10°, 20° 
Working Distance 3000mm - 2000mm 
Max Input Pulse Energy 400mJ@ 532nm (5ns) 
Lens Material Quartz 
Coating AR for 532nm, 
Transmission > 95% 
Optic Dimensions 043mm x 90mm 
PIV cameras and lenses 
Modern PIV cameras record images on 'double frame' CCD cameras. These are capable of 
recording both frames on a single CCD chip. This is achieved by quickly transferring the charge 
from each row of pixels into an alterna tive pixel row which is not light sensitive (time< 1 j..LS). 
The first image is then recorded to disk while the second image is collected (t = 100 ms). The 
chip remains light sensitive throughout this second transfe r time, and filters must be used over 
the camera lens to prevent daylight contributing to the exposure. Alte rnatively, the experiment 
may be carried out in a darkened room. The double frame collection and image writing process 
requires approximately 250 ms, resulting in the maximum frequ ency of double frame PIV 
cameras be ing a pproximately 4Hz. High speed PJV systems, which require a repetition rate of 
the order of severa l ki lohertz, use CMOS cameras as the charge can be transferred immediate ly 
off the chip. 
For the Hotfire project, a 'Flowmaster 3S' double frame CCD camera was purchased from La 
Vision GmbH and connected to a frame grabber board in th e operating PC. The specification of 
the camera is given in Table 13. 
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Table 13: Flowmaster 3 Specification 
Camera Flowmaster 3S 
Sensor Sony ICX 085 
Pixel (H x V) 1280 x 1024 (5:4 format) 
Pixel Size (H x V) 6.7 ~m x 6.7 ~m 
Active Area ( H x V) 8.6 mm x 6.9 mm 
Fill Factor 60% With Micro lens 
Dynamic Range 12 bit 
Double Frames per Second 4 
Minimum lnterframe Time 300 ns 
Operating temperature -12°C 
The particle image diameter is an important parameter in digital PIV measurements due to the 
resoluti on of digital images and the sub pixel peak fitting of the Gaussian curve. The field of 
view in normal photography is defined solely by the camera and lens combination and the 
distance of the object from the camera. Work by Westerweel has shown that for digita l PIV 
systems th e particle image diameter must be greater than two pixels to allow the Gaussian 
curve fitting used in the correlation process to accurately locate the centre of the particle. If the 
particle image is less than one pixel, the Gaussian curve can only locate the centre of the particle 
at the centre of the pixel (Figure 39). As such, measurements of particle shifts can on ly occur in 
integer values of pixels. This is known as 'peak locking. Westerweel suggested that to eliminate 
the peak locking effect, the particle image diameter should be greater than two pixels. If true, 
the Gaussian curve fit is able to locate the particle centre with sub pixel accuracy [Westerweel, 
(1997)]. 
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Figure 39: The 'Peak locking' effect 
When using droplets of the order of 1 11m, the i m aged particle image diameter becomes 
diffraction limited and is more dependent upon the size of the Airy disc than the physical 
particle diameter. The particle image diameter (PlO) (Equation 15) can therefore be calculated 
from the diffraction limited spot size (DLSS) (Equation 16). A plot of the calculated particle 
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image diameter is provided for various f-numbers and various magnifications in Figure 40 and 
the specification of the lenses made available for the Hotfire project is provided in Table 14. 
DLSS = 2.44. (1 + M).f#. J.. 
PID = Particle Image Diameter (px) 
9 = Seeding Particle Diameter (IJm) 
DLSS = Diffraction Limited Spot Size (IJm) 
M = Magnification 
f# = Lens f-number 
" 
= Wavelength (IJm) 
Table 14: PIV lens specification 
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Figure 40: Calculated particle image diameter for various f-numbers and magnifications 
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Flow seeding 
Although PIV is often described as measuring the velocity of a flow, it is more accurate to 
describe it as measuring the velocity of the seeding particles added to the flow. As such, it is 
criti cal that the velocity of the seeding particles is the same as the velocity of the fluid. The size 
and dens ity of the seeding particl es must be s mall enough to ensure that the particles 
accurately follow the flow, yet must be large enough to scatter sufficient light. The correct 
quantities of seeding must then be added to the flow and homogeneously dispersed so 
sufficient particles are seen in each interrogation area for a high signal to noise ratio. If too few 
particles contribute to the correlation peak then signal peak will be low. Similarly, if the seeding 
densities are too high, coincidental overlap w ill increase the signal noise. Both cases represent a 
poor signal to noise ratio and may cause the correlation to identify and return a false vector. 
Commercial companies aggressively lower the minimum number of particle images 
recommended to achieve a reliable correlation. La Vision claim adequate results can obtained 
with 3 particles per interrogation area [La Vision, (2005)], Raffel et a l. claimed 5 particles were 
required to ach ieve 95% valid detection [Raffel et al., (1998)], while Hollis targeted 8 particles 
per cell and required a minimum of 5 to accept the vector [Hollis, (2004)]. 
In engine measurements, further requirements a re necessary. Seeding must be capable of 
withstanding the high temperatures and pressures experienced at TDC compression, and must 
not unduly fou l or damage the optical components. An Otto cycle calculation predicts peak 
motored compression pressures and temperatu res to be approximately 25 bar and 475°C 
respectively in the Lotus engine. The parameters of some common seeding particles are 
provided in Table 15. 
Table 15: Particle parameters and performance in an oscillating flow, [Wigley, (2008)] 
Particle Density Ratio (to Air) Refractive Index 
Alcohol 667 1.36 
Water 832 1.33 
Nylon 850 1.45 
Latex 875 1.59 
Silicon Oil 900 1.47 
Aluminium Oxide 3310 1.76 
Titanium Dioxide 3500 2.7 
The abi li ty of seeding particles to follow the fl ow was investigated by Melling. If the 
concentration of seeding particles is rela tively low (less than 1 x 109 pp m), and the density of 
the seeding is s ignificantly higher than the gas, then the particle response time and velocity Jag 
can be estimated acco rding to Equation 17 and Equation 18. For engine resea rch, the particle 
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response time should be faster than the smallest scale of turbulence under investigation. 
Typically, in engine PIV measurements, this will be the integral length scale. Olive oil droplets of 
3.091-lm diameter are capable of following 1kHz fluctuations and 1.0 11m diameter droplets are 
capable of following 10kHz fluctuations. This is sufficient to follow typical engine integral 
length scales which typically fall within this region [Melling, (1997)). 
Particle Response Time, [Eighobashi, (1994)] 
2 Pp dp 
T = - --
P Pr ' 18v 
Tp = Particle response time (s) 
Pp = Seeding particle density (kgm-3) 
Pt = Fluid density (kg.m-3) 
dp = Seeding particle diameter (m) 
u = Fluid kinematic viscosity (m2.s-1) 
Velocity lag, [Raffel et al., (1998)] 
Us = 
dp = 
Pp = 
J1 = 
a = 
V = d 2 (Pp - P f) 
s P 1811 a 
Velocity Lag (s) 
Particle diameter (m) 
Seeding particle density (kg.m-3) 
Fluid dynamic viscosity (kg.m-1s-1) 
Flow acceleration (m.s-2) 
Equation 17 
Equation 18 
In the Hotfire project, the engine was seeded by a SciTek seeding unit with one bank of10 jets 
operating. The seeding unit was fi lled with diffusion pump oil of density p = 1070 kg.m-3. The 
particles were fed through 4 equally spaced radial pipes directly upstream of the intake runner. 
The air supply pressure could be manually adjusted until a suitable seeding density was 
achieved. A droplet size distribution from the seeding unit at 0.5 and 1.0 bar was measured on 
the a tmospheric spray bench using a PDA system (although the drop size range is regarded to 
be at the lower end of the technique's capability). Seeding particle sizes for a ll particles are 
given in Table 15, and the size distribution for droplets smaller than 5 11ffi is provided in Figure 
41. 
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Table 16: SciTek seeding unit performance with diffusion pump oil 
1.0 bar 0.5 bar 
0 10 0.427 1Jm 0.6981Jm 
0 10 (Excluding zero's) 0.5781Jm 0.898 1Jm 
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Figure 41 : Seeding particle size distribution 
With the laser and image system correctly a ligned and the fl ow correctly seeded, the main 
operating parameter is the selection of the interframe time. The interframe time is the time 
period between the first and second illuminations of the flow and determines the distance 
moved by the seeding particles. The interframe time is the parameter over which the user has 
the greatest level of control. It s hould be selected in combination with the interrogati on area 
size and an estimate of the flow velocity. Work by Keane and Adrian suggested the interframe 
time should be selected so that particle displacement is one-quarter of the inter rogation area 
dimension [Keane & Adrian, (1990)]. However, in engine fl ow PIV measurements, the highly 30 
and turbulent nature of in-cylinder airflow means the limiti ng factor becomes the out-of-plane 
motion. 
The interframe time, alo ng with the laser and camera timing was controlled by a Programmable 
Timing Unit (PTU) installed on the PC. The PTU generated TTL pulses on multiple output 
channels. The pulse widths and intervals could be controlled by the DaVis software. The 
crankshaft encoder s ignals (which produced a TDC pulse and a 0.2° resoluti on pulse) were used 
as inputs for the PTU and the outputs from it controlled the laser and camera system. The 
s pecification of the PTU is given in Table 17. 
68 
Table 17: PTU Specification 
Programmable Timing Unit PTU8 
Minimum Pulse Width 50 ns 
Minimum delay 50 ns 
Output channels 16 
3.3.4 PIV SOFTWARE 
PIV software programs calcula te the vector flow fi elds from the raw PIV images. Most software 
programs contain a range of processing tools and care must be taken to ensure that the correct 
techniques are applied. It is critical that that poor quality images and flow fields a re not simply 
made to 'look good' by unjustified pre- and post-processing techniques. The PIV software 
supplied by La Vision for use on this project is known as 'DaVis 7'. The following section 
describes the PIV processing and the vector validation techniques in DaVis that have been used 
during this work. A full description of all available processing techniques can be found in the 
operating manuals [La Vision, (2005)). 
The vector fie ld calcula tion employed a 'cross correlation' a lgorithm. Cross corre lation involves 
recording the two images separate ly and co rrelating them against each other. This eliminates 
the directiona l ambigu ity associated with the self correlation peak of'autocorrelation' 
techniques. Vector evaluation begins by dividing the raw images into "Interrogation areas". 
Interrogation areas a re small blocks of pixels over which the correlation is performed. Each 
interrogation area produces one vector. The correlation involves moving the interrogation area 
from the second image over the corresponding area fro m the firs t image and measuring the 
level of seeding particle image overlap at each point (Figure 42). When the image s hift is 
identical to the particle displacement (Figure 42c), a high overlap is recorded . When any 
coincidental overlap is measured a noise peak appears (Figure 42d). 
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Figure 42: Cross correlation process 
High levels of overlap produce a peak on the correlation surface (Figure 43). The locat ion of this 
peak represents the displacement of the pa rti cles w ithin the interrogation area. A Gaussian 
curve fit can identi fy the location of this peak, and the dis placement can then be d ivided by the 
interframe ti me to calculate the velocity vector. 
Figure 43: PIV Correlation peak 
The size of the interrogation area is perhaps the most important parameter in vecto r 
calculation and it must be selected in combination with the size and density of the seeding 
particle images and the interframe time. The interrogation area size determines the resolution 
of the vector fl ow field. It should be s mall enough to resolve the smallest eddy's in the flow, yet 
remain suffi ciently la rge that enough particles are present in each interrogation a rea for a high 
signal to noise ra ti o. Due to the Fast Fourier Trans fo rm (FFT) used in the cor relation, the 
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dimensions of the interrogation area must be square and an integer power of two, i.e. 16x16, 
32x32, 64x64 or 128x128 pixels et c. 
To generate a high vector dens ity, a 'multi-pass' cross correlation is often used. This involves 
maki ng an initial pass with a large interrogation area size to generate a coarse vector field, and 
then making a second pass with a smaller interrogation area size that has been shifted by the 
coarse fl ow field vector. By shifting the second correlation area in the direction of the flow, 
more common particles are identified in the two interrogation areas and a high resolution 
vector fi eld can be achieved. Hollis, using an initial cell s ize of 64x64, and a high resolution cell 
size of32x32, found the multi-pass technique wou ld regu larly produce data of a higher quality 
[Hollis, (2004 )). 
Another method of increasing the vector density is to overlap the interrogation areas. Cell 
overlap is given as a percentage valu e. Ove rlap ping the interrogation areas by 50% increases 
the vector density by a factor of 4 a nd has the e ffect of smoothing any velocity gradients. Cell 
overlap should be used cautiously, as theoretically the interrogation area size s hould be such 
that the flow within them contains no velocity gradient. If the cells overl ap it could be argued 
that the entire flow should be of consistent velocity. However, the benefits of higher vector 
density outweigh the very small error introduced by having slight velocity gradients across an 
interrogation area and, accordingly, cell overlap is widely used. 
Pre-processing involves mathematically manipulating the raw image prior to vector calculation 
to improve the correlation process. It is generally considered more productive to improve the 
raw images themselves than s ubstantially pre-processing large numbers of images. As such, 
only three pre-processing techniques were employed. The first was a de-warping calibration to 
remove the lens effect caused by the optical engine's 15 mm thick liner. A black calibration 
plate with a grid of white dots at Smm intervals was mounted in the cylinder on the same plane 
as illuminated by the expanded laser beam. Davis software then identified these dots and 
calcula ted a function that was applied to all subsequent particle images and flow fi e lds to 
correct for the distortion from the liner and any non-perpendicular viewing angle (Figure 44). 
The calibration was evaluated based upon the average deviation between the de-warped mark 
positions and an ideal regular grid. Deviations below 1 were considered acceptable and values 
below 0.3 were considered exceptiona l. Typica l deviations achieved during the project we re 
between 0.3 and 0.6. The software also calculat ed the distances and angles between the CCD 
chip and the calibration plate based on a pinhole model, and these cou ld be compared to the 
experimental set up. Finally, the de-warped image could be visualised to ensure that cylinder 
parts (for example the valve diameter) were being measured correctly. 
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Figure 44: Distortion effect of imaging through a glass liner on a 5mm grid 
The second pre-processing technique involved subtracting the background image. This 
increased the signal to noise ratio during the correlation. As subtraction of a reference image 
would not account for the dirt accumulating on the liner, DaVis' dynamic background 
subtraction ('subtract sliding minimum over time1 was used as an alte rnative. This took a 
speci fi ed number of images, typically five. from the start of the dataset, and calculated the 
minimum intensity at each pixellocation. This produced a new image, Imln, which was then 
subtracted from the middle image of the five images. A new Imln was then calculated for images 
2 to 6 and this was subtracted from image four. The process continued for a ll images of the 
dataset (Figure 45). Although this technique reduced the number of images available for 
analysis, (by four in this example), sufficient images from the engine were take n (typically SO), 
for this to be negligible. 
Figure 45: Dynamic background subtraction 
The third pre-processing technique was to eliminate regions of the image which were 
unsuitable for processing. In engine measurements, a common example is the piston moving 
into the camera's fi eld of view. DaVis allows masks to be applied to these areas to exclude them 
from the correla tion. This can reduce computational time. 
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The correlation technique produces some vectors which are not representative of the fl ow 
being measured. These spurious vectors may be caused by particles in one particular 
interrogation area leaving that inter rogation area, leaving the light sheet, locally sparse or 
dense seeding or fla res and reflections in the fi eld of view. For accurate analysis of the mean 
data, it is important that the vector fields are evaluated, and spurious vectors are removed. This 
s tage is known as post-processing. As with pre-processing, excessive post-p rocessing can make 
poor quality data appear well and as such it is important that all post-processing techniques are 
justified. 
Vectors which are removed by post-post processing techniques must be replaced, as many of 
the flow fie ld statistics are sensitive to zero values. It is particularly important to remove 
spurious vectors in multi-pass correlation systems to prevent the image from being improperly 
distorted after the first pass. The Davis software contains a number of techniques for 
identifying spurious vectors. The following section will discuss methods for vector analysis, 
inherent errors in the PIV process and sources of bias in the data. 
The simplest method of validating a vector is to define limits between which it must fa ll. This 
requires prior knowledge about the fl ow. In highly turbulent IC engine flows, it is unwise to rely 
on this technique as real vector data, such as vectors from an unexpected flow separation may 
be excluded. As such these boundary values were not used. 
Westerweel proposed that one of the best checks of a vector's validity was to compare it with 
the vectors surrounding it If a vector deviates substantia lly from its neighbours, fl ow 
continuity is not being conserved and there is a high li kelihood that the vector is spurious. 
Davis terms the function which performs this the "median filte r". 
/ / / 
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Figure 46: Central vector removed due to failure to meet flow continuity principle 
The median fi lte r calculates the median 'u' and 'v' components from the surrounding 
neighbours of the vector under consideration. If e ither the u or the v component li es outside 
one standard deviation of this value it is marked for removal. 
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I.e. For a vector to be accepted: 
(lJ.J.tEDIAN - !J.Rus) 5 1J. 5 {JJ.MEDIAN + !J.RMs) 
ffitEDIAN - YRus) 5 J{ 5 ffitEDIAN + Yi~Ms) 
Removed vectors must be replaced to avoid introducing errors when calculating statistical 
values. DaVis stores the vectors created by the second, third and fourth highest correlation 
peak. After the fourth peak, linear interpolation is applied. Linear interpo lation calculates the 
mean of the surrounding vector components and replaces the deleted vector with this value. 
The number of first choice vectors in a flow fi eld is a useful measure of the extent of the post-
processing required, and a high first choice vector ratio suggests a good experimental 
configuration. 
Davis also contains a "strong median fil ter" functi on, which is a more complicated algorithm 
that is able to reject groups of spurious vectors. The basic median filter is not capable of this, as 
spurious vectors create large standard deviations which furth er spurious vectors are likely to 
li e within. The strong median fi lter is a four-pass technique that removes almost a ll spurious 
vectors with the drawback that some good vectors are also removed. 
The first pass eliminates all vectors which do not lie within the standard deviation, as described 
above. The second pass eliminates all vectors which do not have at least three neighbouring 
vectors. These two passes filter out questionable vectors very strictly, leaving on ly those which 
lie within the standard deviation and have s uffi cient number of good neighbouring vectors. 
The third pass then attempts to fi ll in as many good vectors as possible from the first, second, 
third and fourth correlation peaks, even if these have been removed previously. Replaced 
vectors must meet the standa rd deviation criterion and have at least three neighbours. As the 
standard deviation of the good vectors is very low, the replaced vectors are likely to be good as 
well. This step is repeated until no more vectors can be filled in. The fourtl1 pass then removes 
groups contain ing less than a certain number of vectors (usually 3 or 4). This effectively 
removes groups of spurious vectors which have not been detected in pass 1 or 2. 
The strong median filter is particularly effective when multi-pass processing with a decreasing 
interrogation area size is used. In order to ensure that that the interrogation window is 
correctly shifted for the second pass, the vector field from the first pass must not contain any 
spurious vectors. App lying the strong median filter to the first pass vector field can therefore 
reduce the fina l interrogation window size and help increase the resolution of the vector field 
[Westetweel, (1997)]. 
Another method for analysing the vector re liabili ty is to compare the height of the correlation 
peak to the next highest value. This is a meas ure of the signal to noise ratio and is known as the 
74 
'Q-value'. If the signal to noise ratio is below a user defin ed value (typically 1.3- 2.0) the vector 
is labelled as unreliable and will be removed (Figure 47). 
High signal to noise ratio Low signal to noise ratio 
Figure 47: Correlation peaks showing high and low signal to noise ratio 
DaYis is also able to smooth the data to remove local fl ow fluctuations. Smoothing makes no 
cons ideration of the quality or validity of the original data and as such has not been used. 
Based on fundamental PlY theory, a spreadsheet was generated that, given certain parameters, 
could predict the remaining variables to ens ure a sensible first attempt at co llecting PlY data 
could be made. This consisted of the equations determining particle respo nse time and velocity 
Jag given in section 2.2.2 and equations the depth of field of the optical set up (Table 18) . 
Whilst this spreadsheet was found to be a useful, first step, a series of iterations were 
conducted until the highest number of first choice vectors and the strongest signal to noise 
ratio was obtained. Numerous experimental runs were required until this experimental set up 
was optimised. Experiments were also conducted on the number of image pairs required to 
achieve s uitable mean fl ow field measurements [Catto & Stansfield, (2005)]. it was found that a 
converged estimate of the mean vector flow fi eld could be made after calculating the average of 
25 fl ow fi elds, but a reliable estimate required at least 50 images pairs. Further work was 
conducted on the available processing parameters until an established analysis technique was 
defined (Figure 48). 
This standardised process was used to collect PlY images throughout the project to allow fair 
comparisons to be made between different data sets. Early results showed that the 'adaptive 
multi-pass' correlation was the most suitable technique. The interrogation areas were 
overlapped by 50% on both occasions to minimise the number of particle pairs lost outside the 
interrogation area and increase the vector density. The interrogati on area size was chosen to be 
128 by 128 px on the first pass and 64 by 64 pixels on the second pass. This was chosen to 
accommodate sufficient particle images in each interrogation area, whilst maintaining s ufficient 
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vector density to resolve the larger turbulent length scales. Mean images were produced based 
on a dataset of 50 images at each point. This was sufficient for convergence of the mean vector 
field, but insufficient to achieve a statistically acceptable RMS. Due to the relatively coarse 
vector grid and restricted experimental run time, it was impracticable that the technique 
should be used for collecting RMS data for turbu lence ca lcula tions. The following pages provide 
a summary of the optimised PIV settings for the Hotfire project and examples images are 
provided for each stage. 
Table 18: PIV calculation spreadsheet 
Parameter Source 
Air Pressure: 1.00 bar Barometer 
Air Temperature: 22.0 oc Thermometer 
Air Density: 1.20 kgm-3 Calculated 
Flow velocity: 50 ms-1 (=1.3 pxiJJS) Estimated 
Seed Particle Size: 1. 0 J.Jm Seeder manual 
Seed Material Density: 1070 kgm-3 Oil data sheet 
Particle response time: 3.29 J.JS Equation 17 
Particle velocity lag: 0.10 ms-1 Equation 18 
lmaged area size: 50.00 mm by 40mm Camera calibration 
F Number:5.6 Camera lens 
lnterframe time:10.0 JJS DaVis 
Wavelength: 532 nm Solo laser manual 
CCD array Size: 8.60 mm by 6.88mm Manual 
Pixels on chip: 1280 px by 1 024px Manual 
Pixel size: 6. 70 1-1m by 6. 70 J.Jm Manual 
Magnification: 0. 17 Calculated 
Diffraction Limited Spot Size:8.52 J.lm Equation 16 
Particle Image Diameter:8.52 J.Jm Equation 15 
Resolution required: 2.00 px R.J Adrian 
PlO Required:13.40 J.Jm 
Depth of field: 2.3 mm Calculated 
lmaged particle diameter on chip: 1.27 px 2 < Px Covered by Part. < 6 
Pixels moved in i5t: 12.8 px Calculated 
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Raw image 
1280 by 1024 pixels 
Subtract sliding 
background 
(based on first 5 images) 
Vector processing: 
Multi-pass Cross 
correlation 
1st Pass:128 px x 128px 
2nd Pass: 64 px by 64 px 
50% Overlap 
Post Processing: 
Median filter 
Signal to noise ratio 
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S7S 151 Choice Vector display: 
550 Number of vectors : 1386 
5Z5 1st Choice: 1206187.0% 
500 
2nd Choice: 67 I 4.83% 
3rd Choice: 9 I 0.649% 
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4th Choice: 0 I 0% 
45 0 
Missing or Rejected: 1041 
4~5 e 
.§. 7.5% 
40 0 Average Q-value: 2.08 
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Signal to noise ratio 
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Mean flow field (50 images) 
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Figure 48: Standardised PIV process 
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3.3.5 SOURCES OF ERROR AND BIAS IN PIV M EASUREMENTS 
The use of optical diagnostics to solve fluid mechanics problems results in an estimation of the 
fluid properties. The term estimation, rather than determination, is used, since the physical 
processes involve a stochastic, or random, e lement In other words, an identical replication of 
the experiment would yield a slightly different answer. In addition, PIV data collection and 
processing inherently contains sources of error and bias which cannot be e liminated 
completely. An understanding of these errors is necessary to accurately configure PIV 
experiments, as well as running the vector field correlation and analysing the resu ltant flow 
fields. 
The peak locking effect, where the particle image size is too small for the particle centre to be 
resolved with sub pixel accuracy, has already been discussed. In the case of peak locking, the 
particle image displacements are restricted to integer values ofpixels and an error in the 
calculated velocity occurs. DaVis software is capable of plotting the particle shifts, and the peak 
locking effect is easily identifiable by a Jack of sub-pixel s hifts occurring. Configuring the 
experimental hardware to ensure the particle image diameters are greater than two pixels can 
eliminate this error. 
Another error, known as the acceleration error, occurs due to the Lagrangian motion of the 
particles. If the interframe time is too long, particles fo llowing a cu rved streamline will have 
their direction and magnitude miscalculated (Figure 49). However, if the interframe time is 
short, any error in identifying the particle's position becomes significant in comparison to the 
particle shift. Whi le the 'one quarter' rule of thumb has been proposed [Adrian, (1991)), smaller 
particle shifts have been found to be more effective in highly turbulent flows such as in inside JC 
engine cylinders. 
· ··· ··~ Streamline 
Figure 49: Acceleration error 
In high sheer and turbu lent flows, velocity gradients will exist across the interrogation areas. 
For a given 6t time, the fastest moving particles have an increased probability of leaving the 
interrogation area and hence not being recorded. This results in the mean velocity 
measurements being underestimated. However, in low velocity regions of the flow, some 
particles may not move sufficiently with respect to the particle diameter for their shift to be 
identified (below approximately 0.2px), and these particles will be assumed to be stati onary. 
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This will cause a noise peak at zero displacement. The selection of the interframe time, ot, must 
therefore be a compromise between these two extremes. 
Errors may also be introduced due to the s ize of the scattering particles, as large droplets 
scatter more light than small ones. The scatter from the la rge droplets will therefore be more 
influential in each interrogation area. This is particularly important in spray measurements as 
large droplets tend to have a higher velocity than s maller ones, and hence PIV recordings wo uld 
be biased towards higher velociti es. A normalisation function is available in the software, which 
manipulates the scattered light intensity to a unit value, but this also normalises any 
background noise, increasing its effect in the correlation. In engine measurements, the seeding 
particles tend to have a small s ize distribution and this error is manageable. 
3.3.6 ANALYSIS OF PIV FLOW FIELDS 
The standard output of the PIV technique is a 2D map of the flow velocities. For comparative 
purposes, it is often necessary to represent the fluid flow more simply. Commonly used 
parameters for describing flow fields are the mean and RMS flow fields and tumble and swi rl 
ratios and turbu lent length scales. 
The simplest method for analysing the flow fie ld is to simply determine the mean flow field 
from a given number of instantaneous flow fields. Statistical analyses show that to obtain a 
representative mean, a large number of images are required. E.g. to achieve 99% certainty of 
±1 %, 600 flow fields are required. To achieve the same certainty on theRMS value requires 
2400 images [Hollis, (2004)]. In an optical engine, collecting s uch large amounts of data 
requires long run times. This is problematic as window fouling may introduce more errors than 
are eliminated by taking large samples. Substantia l cyclic variation also occurs, resulting in a 
mean fl ow field which is not consistent with any individual cycle. 
The tumble ratio gives an indication of the bulk fluid motion about a point. This point is us ually 
taken about the centre of the cylinder. It can be calculated on either average or instantaneous 
flow fields and produces a scalar quantity at each crank angle position which represents the 
rotation of the flow. Numerous methods exist for calculating the tumble ratio. The most 
common assume either solid body rotation (Equation 19) or are calculated from the curl of the 
vector field (Equation 20 & Equation 21) (Pitcher & Wigley, (2004)] . Swirl ratio's can be 
calculated in a similar manner. 
Rr Tumble ratio (#) X Axial Displacement (m) 
8 Imaged area width (m) y Radial Displacement (m) 
N Number ofVectors (#) w Engine Speed (rads/s) 
u Axial Velocity (m/s) ~ Curl ofVector Fie ld (Hz) 
V Radia l Velocity (m/s) i Crank angle sector (#) 
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Tumble ratio (assumes solid body rotation) 
n 
Rr = N:B 2 I {V(i)nX(i)n- Y (i)nU(i)n} Equation 19 
i=1 
Curl of the vector field at a point 
Equation 20 
Tumble ratio calculated from average curl of the vector field 
Equation 21 
3.3.7 PfVLITERATURE R EVIEW 
PIV is now a well-established tool for measuring flow velocities and it has been used on a wide 
variety of fluid dynamics problems. As such, a search for literature on the subject returns 
thousands of results, all with varying degrees of relevancy to the current subject matter. As an 
example, a 'Google Scholar' search for the term 'Particle Image Velocimetry' returns over 
20,000 results. Therefore, this literature review has focused solely on the use of PIV in internal 
combustion engines. 
The most extensive use ofPIV in internal combustion engine studies has been the measurement 
of the airflow structures within the combustion chamber. The earliest examples of this were by 
Reuss and Stucky, who used PIV on wet film images with autocorrelation techniques. The main 
difference between these papers was the way in which the directional ambiguity of 
autocorrelation was overcome: Reuss used an image shifting technique [Reuss, (1993)), while 
Stucky used a two-colour PIV system [Stucky et al., (1994 )]. 
One of the most comprehensive wet film studies was performed by Reeves et al. between 1992 
and 1995 [Reeves, (1995)]. One of the groups' papers described recording PIV images in the 
tumble and swirl planes of a 0.5L s ingle cylinder engine motored at 1000 rpm. A novel 
cylindrical lens was used to eliminate the warpi ng effect of the optical liner. The auto-
correlation technique was used to interpret the images and demonstrate tumble structures 
occurring in the pent roof during induction and compression. The measurements suffered from 
a limited dynamic range due to the presence of the self correlation peak with auto-correlation, 
and the swirl measurements suffered from high levels of laser flare. Reeves recommended 
larger seeding particles ( 4-10 11m) to scatter more light and address the flare issues, and cross-
correlation processing to resolve the directional ambiguity, improve the dynamic range and 
improve the tolerance to out-of-plane motion [Reeves et al., (1996)] 
Although earlier attempts had been made to digitise the PIV collection process [Bruecker, 
(1997)), it was not until the turn of the century when the continued development in digital 
81 
camera technology made PlV systems s ignificantly more 'user friendly' and vastly increased the 
quantity of data tha t could be captured. As PlV systems became more affo rdable, the volume of 
papers on the topic increased substantially. 
Bevan used PIV to s tudy the effect of three diffe rent port geometries and attempted to relate 
la rge-scale tumble, turbulence and kinetic energy to the combustion dura tion, but was unable 
to find a conclusive correlation [Bevan & Ghandhi, (2004)]. 
PIV has been used extensively for the s tudy of cyclic variation. Cyclic varia ti on in the tumble 
plane was investigated by Rouland et al. in 1998, who found that the cyclic variability of the 
fl ow fi eld meant that the ensemble averages were not representative of any s ingu la r fl ow fi eld 
[Rouland et al., (1997)]. La ter work by josefsson et al. used PIV and two-point LDA to compare 
turbu lent length scale measurements in a four-valve, pent-roof, optical engine moto red at 1200 
rpm. The group used a novel method of analysing cyclic variation that eliminated the need to 
use a high pass filter to determine the turbulent component. Turbulence intensity and the 
turbulent length scale were calcula ted and found to be simila r for both techniques. However, 
when the cyclic variation was not accounted for, va riations were seen in the calcula ted length 
scale va lues Uosefsson et a l., (2001)). 
As part of a substantia l piece of work, Li et al. measured the flow fi eld in an optical engine using 
PlV, and then calculated the mean and flu ctuating velocity component, turbulent length scales, 
vo rticity and stra in rate dis tributio ns. The groups' engine was later modified to investigate the 
benefi ts of higher tumble geometries [Li et al., (2002)], [Li et al., (2002a)], [Li et a l., (2002b )], [Li 
et a l., (2004)] . Late r research by Li et al. used PIV in combination w ith LIF to investigate the 
stratified charge generated when injecting di ffe rent fue ls into th e two intake ports [Li et al., 
(2004)), [Li et al., (2005)]. Two of their PIV-based papers a re summarised below. 
Y. Li, H. Zhao, Z. Peng & N. Ladommatos (2002), "Particle Image Velocimetry 
measurement of in-cylinder flow in internal combustion engines", Proceedings of the 
Institute of Mechanical Engineers Vol. 216 Part D 
Li eta/. used PIV to measure swirl s tructures in a s ingle-cy linder Hydra engine with a Ford 
Zetec head. Only o ne crank angle position was investigated at a single engine s peed of 1200 
rpm. One of the two inlet va lves was blocked with a rubber bung to generate bulk swirl m otion. 
A small interrogation a rea (32x32px) was used with high seeding levels in an a ttempt to 
measure the turbulent integral length scale and stra in rate. A novel filtering technique was 
employed that used FFT to select a cut-off frequency to separate low frequency cyclic variation 
from high frequency turbulence. Cyclic variatio n was found to be more important than 
turbulence in changing the flow fi e ld between cycles. 
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The integra l length scale was found to be in the range of 6-10 mm, but the stra in rate did not 
co rrela te w ell w ith the velocity fie ld. 
Y.Li, H. Zhao, Z. Peng & N Ladommatos (2002), "Tumbling flow analysis in a four valve 
spark ignition engine using Particle Image Velocimetry", International Journal of Engine 
Research Vol. 3 No. 3, p139-155 
In additi on to the swirl plane measurements, Li et al. a lso measured PIV data on the centra l 
symmetry plane and a parallel plane underneath one of the inlet va lves at numerous crank 
angle positions during the intake and compress ion s troke. Two engine speeds of 1200 rpm and 
600 rpm were investigated . 
The tumble motion was formed early in the compression s troke and moved underneath the 
exhaust valves unti150° BTDC when the tumble vortex disappeared. Similar structures were 
seen at both engine speeds. 
Analysis of the tumble plane fl ow fields revealed greater cycle to cycle variati on in the tumble 
plane than the swirl pla ne, due to the deformation of th e flow field by the pis ton, and th at cyclic 
variation of the tumble motion was so great tha t 30% of the measurements showed no tumble 
vortex whatsoever. The fluctu ating velocity fi eld and fluctuating kinetic energy fi eld were also 
inhomogeneo us. 
A s imilar FFT filtering technique to Li's paper was used by Joo et a l. in an attem pt to de termine 
an integral length scale tha t would separate cyclic variation from turbulence in a 2.4L engi ne 
motored at 750 rpm. They fou nd that both the large and small scale fluctuations were h ighest 
early in the intake s troke, were a minimum around BDC and then increased again around 300° 
ATDC. However, it was difficult to identify a cut off length and no parti cular sized vo rtex 
dominated the flow Ooo et al., (2004)] . 
Further PIV investigations into cyclic varia tion were performed by Elzahaby to investigate th e 
effect of pis ton geometry, inlet shrouding and e ngine s peed on the cyclic va ria bility in an o ptical 
engine (Though the peak engine speed investigated was jus t 830 rpm) [Elzah aby et a l., (2004)]. 
Huang et a/ used PIV to investigate the effect on the air motion of insta ll ing a tu mble pla te in the 
intake system of a 125cc, two valve, optical engine operating at 1500 rpm. Despite the plate, the 
group found that tumble had decayed by 90° BTDC compression. They also fo und that a bulk 
swirl moti on was generated in the cylinder. The plate was found to improve engi ne 
performance a t low loads, but the effective throttling a t high loads dramatically reduced engine 
performance [Huang et al., (2005)]. 
A useful paper for engine PIV measurements in IC engines was published by Reuss et al. in to the 
warp ing effect of imaging through a transparent cylinder liner. The group suggested that 75% 
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of the cylinder diameter could be used before low light levels and aberrations caused the 
accuracy of the experiment to fa ll below 80%. The cause of the errors was found to be a 
widening of the correlation peak. The authors proposed that cross correlation would extend 
this field of view, but acknowledged their tests contained much lower background noise than 
that found in optical engines [Reuss et al., (2002)]. 
Although not performed in an engine, Nomura and Tomokazu mounted a two valve head on an 
steady flow rig and compared the results ofPIV and LOA data. They found that PIV data showed 
the same tendencies for mean velocities and turbulence intensities [Nomura et al., (2004)]. 
PlY to measure GDI fuel sprays 
The second most common use of PIV in GOI engines has been to investigate the propagation 
and development of GO! fuel sprays. Although LOA I POA may be considered more appropriate 
for this purpose, due to the higher laser energy density in the unexpanded LOA beam, the 
equipment for PIV, Mie imaging and LIF studies is similar and, as such, they are often used in 
conjunction. 
Hutchison and Wicker used PIV to produce instantaneous velocity maps of the fuel spray from 
two production GO! injecto rs. They investigated the effect of fue l pressure and in-cylinder 
density on the sprays with Mie imaging and PIV. Fuel was sprayed into a non-motored research 
cylinder at 30 bar and SO bar at backpressures of 2 bar and 6 bar. Increasing the fuel rail 
pressure narrowed the spray cross-section and increased the spray penetration, while 
increased in-cylinder density narrowed the spray cross-section but reduced penetration. 
Velocities increased with increased fuel rail pressure and decreased with higher in-cylinder 
densities [Hutchison & Wicker, (2001)]. 
Rottenkolber extended the principle to measure the interaction between a GOI fuel spray and 
the intake airfl ow by seeding the intake gas in a motored engine with fluorescent particles, and 
separately analysing the filtered Mie and LIF signals. This technique was also used by Oriscoll 
one year later [Rottenkolber et al., (2002)], [Orisco ll et al., (2003)]. Mie imagi ng was used in 
conjunction with PIV to investigate the interaction between airflow and fuel spray in an optical 
cylinder head by Valentino [Valentino, (2003)], [Valentino et al., (2004)). Sawada found PIV 
could be used in conjunction with POA and LOA measurements to demonstrate the interaction 
between the first and second sprays from a twin-injection pressure swirl atomiser [Sawada et 
al., (2003)]. PIV was also applied to the spray structure leaving a pressure swirl injector by 
Kubo eta/. in 2003. The group's work continued to investigate the effect of nozzle geometry and 
injection pressure on the spray to validate predictions made by a CFO code [Kubo et al., 
(2003b)], [Kubo et al., (2003a)], [Kubo et al., (2004)]. 
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The flow structures occurring inside a 'real s ized' optical GDI nozzle were a lso investigated by 
Khoo and Hargrave, who used PIV and high speed flow visualisation to investigate the internal 
flow inside four real-sized optical GDI injectors with various chamfer angles and L/D ratios. 
Various fuel pressures ranging from 20 to 50 bar were investigated and a CFD simulation of 
internal flow was developed. The results from the CFD simulation and the PlY data showed a 
high level of agreement [Khoo & Hargrave, (2003)). 
In addition to the in-cylinder air flow, PIV has also been used to investigate other fluid flows in 
and around the cylinder head. Chartrain investigated the cooling passageways of a 16 valve 
head, and cylinder head cooling was also the topic of an investigation by Dunkley a year later 
[Chartrain et a l., (1998)], [Dunkley et al., (1999)]. The s tudy of flows around the intake valves of 
a cylinder head on a standard flow bench have been investigated by Jeon, Lee and Farrell and 
later by Valentino Ueon et al., (1998)], (Lee & Farrell, (1992)], (Valentino et al., (1993)]. 
Particle Tracking Velocimetry (PTV) is a similar technique to PIV that may be used when the 
seeding levels are substantially lower than those required for PIV. It involves following 
individual particles as they move through the flow. While PTV is not a modern technique [Fage 
& Townsend, H. C. H., (1932)] it has been recently used in IC engines (Fan & Reitz, (1999)], 
(Neuller et a l., (1995)]. However, the vectors produced by PTV can on ly occur a long streamlines 
made by the flow. This Lagrangian frame of reference makes comparing different flow fields 
difficult, as vectors are rarely present in the same coordinate locations. 
PIV has also been used as a tool to study combustion. One example has been to seed the a irflow 
ahead of a flame front to investigate the effect of the expanding gases. This was performed by 
Jarvis in a simple combustion cell Uarvis & Hargrave, (2006)]. In IC engines, double-exposed 
images of the flame front have been used to calculate the turbulent burning velocity in IC 
engines [Aleiferis et al., (2004)], (Villatoro, (2007)]. Whilst no particles are involved, it may be 
argued that this is not strictly PIV, however, the technique uses s imila r principles to calculate 
velocity from double-exposed images. 
PIV new techniques 
The P!V technique itself has been the subject of much research and development. This has led 
to improvements in the technique allowing it to be applied to a wider range of engineering 
problems. Some well publicised developments are: High Speed PIV, 3-dimensional PIV and 
Endoscopic PIV. 
'Time resolved' or 'High speed' PIV allows many flow fields to be generated during one engine 
stroke. Such systems are based around Copper vapour or Nd:YLF lasers and CMOS cameras. 
The repetition rates of these systems may reach 20 kH z, sufficient to resolve the flow to within 
3° a tan engine speed of 5000 rpm. However, when operating at high speed, CMOS cameras 
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cannot achieve the sensitivity or spatial resolution of a CCD camera. As such, time-resolved PIV 
is generally conducted on much smaller fields of view. 
One of the seminal papers for this technique was published by Towers and Towers, who 
developed a high speed PIV system to characterise cyclic variation in the swirl plane. The 
system used a copper vapour laser and a high speed digital camera operating at 13.5 kHz to 
produce 1 o C.A. resolution flow fields a t an engine speed of2000rpm. The system reduced out-
of-plane motion by using a relatively thick (1.5mm) light sheet. Acrylo-nitrile micro balloon 
seeding (8 = 35 j.lm) was efficient a t scattering light, but caused the barrel to be scratched and 
necessita ted lower than optimum seeding levels. Accordingly, the engine s uffered from short 
data collection times ( - 10s). 80% first choice vectors were achieved by multiplying the 
correla tion vectors and using a normalised cross covariance particle image correlation 
algorithm. [Towers & Towers, (2004)] 
A similar experiment was performed by jarvis et al., who used both low and high frequency PIV 
systems to investigate cyclic varia tion in the tumble plane of an optical single-cylinder direct 
injection engine motored at 1500rpm. The low frequency (3Hz) PIV system captured a large 
fi e ld of view (60x60mm) over numerous cycles with 6.0° reso lution, and the high frequency (5 
kHz) system captured a reduced fie ld of view (17x17mm) over a s ingle cycle at 1.8° resolution. 
Olive oi l seeding (8=1.5j.lffi) was used to a llow longer run times then previously reported. 
Higher spatial resolutions were achieved and a gr eater dynamic range was provided by a 
variable laser separation pulse. This a llowed data to be recorded in the tumble plane. The 
resulting flow fields were separated into 'intake valve dominated' (140°-194°) and 'piston 
dominated' (200° onwards) regions, with the intake valve jet exhibiting high relative cyclic 
variation Uarvis e t al., (2006)) . 
3-Dimensional PIV is capable of measuring three vector components simultaneously and can be 
classified into s tereoscopic and holographic PIV systems. Stereoscopic PIV systems generate 
the third vector component over the thi ckness of the light sheet by us ing two cameras at an 
angle to the sheet to record particles passing through its thickness. This arrangement requires 
precise alignment and a complex calibration to be performed [Willert, (1997)). Holographic PIV 
offers the potential to record the third velocity component over a true cubic volume. It involves 
capturing both the scattered light from the particles and the light from a reference laser beam 
simultaneously on a CCD camera. Currently, holographic PIV is extremely expensive and 
requires considerable skill to operate effectively. Furthermore, the image processing requires 
considerable computational resources [Barnhart et al., (1998)], [Coupland & Halliwell, (1992)), 
[Konrath et al., (2001)], [Konrath e t al., (2002)). 
Endoscopic PIV is useful when optical access is limited. The endoscopic technique allows laser 
light and a camera to be packaged into a microscopic lens system which can be inserted into 
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highly inaccessible regions of flow. The endoscopic arrangement introduces s ignificant optical 
distortion, which must be corrected fo r in the PIV software [Dierksheide et a l., (2001)]. 
3.4 LASER AND PHASE DOPPLER ANEMOMETRY 
3.4.1 DEVELOPMENT OF LOA AND PDA 
Laser Doppler Anemometry (LOA) is another optical diagnosti c technique capable of measuring 
fluid velociti es. Like PI V, LOA illuminates light scattering particles in the fl ow and coll ects the 
scatte red light. However, while PIV uses a light sheet to measure velocities over a 20 plane at a 
point in time, LOA uses a continuous laser beam, which is split into two and then crossed to 
fo rm a local fringe pattern tha t allows the measurement of velocities over a period of time. LOA 
measures absolute velocities without the need for calibration, and is sensitive to fl ow directi on. 
The main disadvantage is the high cost of even basic systems. 
LOA was first de monstrated in 1964 when Yeh and Cummins published "Localised Fluid Flow 
measurements with a He- Ne Laser Spectrometer" [Yeh & Cummins, (1964)]. The technique was 
developed and has since been proved on a wide range offlows.lt is now an accepted 
measurement technique for producing velocity information with high spatia l and temporal 
resolution, and complete systems may be purchased commercia lly. 
Phase Doppler Anemometry (PDA) is an extension of LOA that uses two photo detectors to 
measure partic1 e size in addition to particle velocity. This technique was introduced by Durst 
and Zare in 1975 [Durst & Zare, (1976)]. PDA has also been widely valida ted and commercial 
systems have been available since 1987 [Dantec Dynamics, (2006)]. 
3.4 .2 PRINCIPLE OF LASER OOPPLERANEMOMETRY 
A full description of LOA physics requires knowledge of the wave equation and the equations 
governing the Doppler Effect. This is beyond the scope of this thesis but is described in de tail 
elsewhere [Albrecht et al., (2003)]. 
Instead, the widely accepted 'fringe model', w hich produces identical equations, will be used. In 
this model, the output from a single continuous laser source is split into two equal intensity 
beams using a Bragg cell. These beams are made para llel by a series of lenses or optical fibres, 
and then crossed over to form a measurement volume at a point in the flow (Figure SO) . 
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Signal 
Flow with partic les 
Measuring v o l ume 
Backsc attered light 
Figure 50: Principle of Laser Doppler Anemometry (Courtesy of Dantec Dynamics) 
As the two beams are coherent, an interference fringe pattern consisting of alternating high and 
low intens ity fringes is formed within this measurement volume (Figure 51). 
Figure 51 : LOA interference fringe pattern 
When a small d roplet moves through the measurement volume, it scatte rs ligh t according to the 
intensity distribution. This light is collected by a receiver lens and focused onto a photo 
detector. The signal consists of a number of high intensity pulses and is known as a Doppler 
burst. The signal processor splits the Doppler burst into its DC and AC components, and uses a 
Fast Fourier Transform (FFT) to calculate the Doppler frequency (Figure 52). 
Doppler Burst DC component AC component 
Figure 52: Doppler burst and its components 
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The Doppler frequency provides the time taken fo r the droplet to move between fringes, and 
the distance between fringes can be calculated from the wavelength a nd the intersection half 
angle (Equation 22 to Equation 25). 
Measurement volume length 
Measurement volume width 
Measurement volume depth 
Number of fringes 
4. F. A. 
oz=-----
TC. £. Dt.· sin(} 
4.F.A. 
oy=---rc . E . o~. 
4.F.A. 
ox =-----
TC. £. Dt. cos (} 
8. F. t an(} 
Nr =----rc. E. D~. 
DL = Width of laser beam (at final focusing lens) (m) 
F = Focal length of crossing lens (m) 
A.= Wavelength (m) 
9 = Intersection angle of laser beams (0 ) 
E = Expansion ratio 
Equation 22 
Equation 23 
Equation 24 
Equation 25 
In the case above, the Doppler frequency is ide ntical irrespect ive of the di rection of particle 
movement normal to the fringe pattern. This directional ambiguity is overcome by creating a 
frequency differential between the two input beams. This causes the fringes to move through 
the fringe pattern from the higher frequency beam to the lower one, such that a stationary 
particle in the measurement volume would exhibit a Doppler frequency equal to the differential 
frequency. This value is then subtracted from a ll the recorded Doppler bursts to provide the 
true Doppler frequency. If the result is positive, the particl e is moving aga inst the direction of 
the fringes, and, if negative, it is moving in the same direction as the fri nges. The frequency 
differential is added by the Bragg cell during the spli tt ing of the input beam. 
The case of a particle traversi ng the fringe pattern perpendicular to the fringes is somewhat 
unrealis tic, as is the case of a parti cle moving parallel to the fr inges when zero velocity would 
be recorded. In complicated flows, the particle will a lmost always cross the fringe pattern at a n 
angle. The LOA will only measure the component of velocity perpendicular to the fringes. Two 
component LOA systems, which use a second wavelength of light to fo rm a second 
measurement volume with fringes perpendicular to the first wavelength, can resolve velocities 
in two directions, though care must be taken to ens ure the measurement volumes fro m the two 
wavelengths are correctly superimposed if data are to be fro m the same particle. 
The angle between the input beams and the photo detectors is known as the scatte ring angle. 
The scatteri ng angle affects the experiment by altering the type of light co llected. Forward 
scatter ar rangements, where the receiver faces the propagating beam, collects 1st o rder 
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refracted light and therefore provides the greatest signal intensity and hence the best signal to 
noise ratio. However, this arrangement needs careful alignment of the transmission and 
collection optics. Back scatter arrangements, where the receiver and beam face the same 
directions, use the same lens for both transmission and collection and hence coupling the two 
systems is far simpler. However, this arrangement collects reflected and 211d order refracted 
light and the collected intensity can be up to 1000 times less than forward scatter. Side scatter 
arrangements, particularly 90°, suffer from the same alignment issues as forward scatter, but 
can be useful when taking measurements near surfaces, where high refl ection and transmission 
make forward or back scatter alignments unsuitable. The detectors may be placed at other 
angles to achieve a single dominant scattering r egime. These may be calculated as 80° to 110° 
for the reflected light, 30° to 70° for the 1st order refracted light or 135° to 150° for the 2nd 
ord er refracted light 
Phase Doppler Anemometry (PDA) systems use the same transmission optics as LDA systems, 
but can also provide the particle size by using two photo detectors in axial locations slightly 
above and below the scattering plane. When the particle passes through the diffraction fringe 
pattern, the velocity is estimated in the same manner as LDA. However, as the Doppler burst is 
detected separately by the first and second detectors, there is a difference in time, or phase, 
between the two signals. This phase shift is a function of the particle size. A third detecto r is 
used to extend the drop size phase relationship to greater than 2n and to provide data 
validation criteria. 
3.4.3 LDA AND PDA HARDWARE 
The most common LDA and PDA configurations are of the dual beam type (Figure 53). The LDA 
and PDA system avai lable throughout this project was of this type and this arrangement will be 
the only type discussed in this thesis. Alternative configurations and components are discussed 
elsewhere [Albrecht et a l., (2003)]. 
0 Coherent Argon Ion Laser 
Measurement 
Half Wave plate 
Figure 53: LOA system (488 nm blue and 514 nm green) 
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The components of the PDA system could be broadly classified into three groups: transmission 
optics, receiving optics and processo r. The transmission optics consisted of the laser and optical 
components required to cross the beams. The Hotfire PDA system used a 4W Coherent Innova 
90C Argon Ion laser and discreet optical components able to withstand high laser power 
densities in order to prevent thermal blooming, w hich occurs when the refractive index 
changes in response to temperature, producing a lens effect. The laser produced two dominant 
wavelengths: A green beam at 514.5 nm wavelength for single component LOA work and a blue 
beam at 488.0 nm for two-component studies. The laser specification is provided in Table 19. 
Table 19: Coherent lnnova 90C Laser Specification 
Laser In nova 90C - A4 
Power at 514.5 nm 1.7 Watts 
Power at 488.0 nm 1.3 Watts 
Beam Diameter 1.5 mm 
Beam Divergence 0.5 mRad 
Beam Waist Diameter 1.4 mm 
Beam Waist location 1.5 m (behind front mirror) 
Cavity length 1.16 m 
Current 50 amps 
Cooling flow 8.5 Umin 
The laser beam was directed through an interlock towards a pair of Pelli n Broca dispersion 
prisms. The prisms steered the beam through a half wave plate to align the polarisation with 
the Bragg cell. A lens focused the beam waist in to the Bragg cell, which ensured a beam waist 
occurred at the measurement volume. 
The Bragg cell split the input beam into two beams of equal intensity and applied a 40 MHz 
frequency shift to one of them. The cell consisted of a tellurium dioxide crystal with an aco usto-
optical interaction to split the beam symmetrically about the optical axis. The Bragg cell 
material was not susceptible to thermal blooming at high laser powers and produced output 
beams with a true circular cross section. 
The two beams exited the Bragg cell w ith an angular separation of 1.88°. The first order 
diffracted beam had an orthogonal polarisation direction to the zero-order beam. The beam 
expander expanded and collimated the diverging beams to produce a beam separation of 50 
mm with an expanded beam diameter of 5.0 mm. A second half wave plate then matched the 
shi fted and input beam polarisation directions. The Bragg cell and beam expander units were 
integra ted into one unit approximately 300 mm long, and the beam separation cou ld be altered 
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by translating the Bragg cell along the optical axis and refocusing the lenses to collimate the 
beams. A final lens then crossed the two beams at the lens focal point. 
For two dimensional work, the Pellin Broca prisms dispersed the laser sufficiently to isolate the 
514.5 nm (green) and 488 nm (blue) wavelengths. The half wave plates, lenses and Bragg cell 
were then duplicated for the second wavelength before a ll four beams were focused by the final 
lens to form two superimposed measurement volumes (Figure 54). 
Final lens 
Figure 54: Hotfire LOA and PDA system 
The scattered light was collected by the receiver front lens, which focused it onto a slit before 
splitting it into variable apertures each with three photomultipliers (PM's). PM's amplify the 
signal from a single photon entering the unit and cause a cascade of electrons which multiply 
the s ignal by several orders of magnitude to a level at which it can be recorded. A Dantec 57X10 
receiver was used. On the atmospheric spray bench, this was positioned at a scattering angle 
corresponding to the Brewster angle of 70° (Figure 55), in order that only 1 s l order refracted 
light was collected as the reflected light intensity dropped to zero at this angle. Although the 
scattered light intensity at this angle is poor compared to angles at 30°, the high power 
available from the Argon ion laser meant this did not pose a problem to measurement of small 
drops. Furthermore, the sensitivity to droplet refractive index changes was a minimum. 
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Figure 55: PDA system measurement volume 
The receiver was connected to a processing unit to estimate the droplet velocity from the 
scattered Doppler signals. The processor firstly determined whether the input s ignal was a real 
Doppler burst and, if so, then calculated the frequency. Doppler bursts are short duratio n 
events with a limited number of fringes or cycles, and, as such, specialist signal processors are 
necessary. The processing unit available was of the covariance type, and only this type which 
will be discussed. 
The Dantec 58NSO processor comprised a burst detector which took the signals from the 
photomultiplier units, passed them through a low pass filter and then squared them. The s um 
was then passed to the threshold detector which used a three level validation scheme, similar 
to the dual level used in earlier frequency counters, to determine whether the signal was a 
Doppler burst or not On finding a genuine burst, a signal was sent to the integrator units, and 
the burst detector outputs the arrival time and the trans it time for the burst. 
3.4.4 LOA AND POA SOFTWARE 
As LOA and PDA produce absolute values with li ttle calibration beyond knowledge of the 
experimental geometry, the software for these measurements is less influential than the 
software for processing PIV measurements. As s uch, two DOS-based software programs were 
used in the Hotfire Project. 'Sizeware' was a Dantec data acquisition program which logged 
particle number, u and v velocities, arrival times and transit times. 'Insight' was a data 
processing program which d isplayed raw size and velocity data, grouped the data into time 
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bins, calculated mean velocities and drople t diameters of d10, d3o and d32 and plotted the data as 
a function of time and space. 
3.4.5 SOURCES OF ERROR AND BIAS IN LOA AND PDA MEASUREMENTS 
As LOA a nd PDA experim ents require little calibration, a properly aligned and opera ted system 
will produce accurate estimations of the flow properties. However, systematic errors, due to the 
complex ities of the experiment, and stochastic errors, due to the inherent randomness of fluid 
dynamics may be present. The purpose of this section is to explain the source of a selection of 
these errors. 
Noise is any deviation between signal generated by the droplet and the signal presented to the 
processor. Sources of noise include scattered light from the engine cylinder or other particles, 
electroni c noise from the pho to detector and elect ronics, or a poor quality laser source. Noise is 
expressed in terms of the Signal to Noise Ratio (SNR) and is estimated by most commercial 
processors during the analysis stage. Most noise sources are cons idered to be 'white', meaning 
the noise power at all frequencies is equa l. High noise levels can lead to the scattered signal 
being rejected or not being detected at all, thereby lowering the data rate. 
Stochastic errors occur due to the random nature of the fluid and cannot be e liminated from the 
experimental set up. Any time history recorded is known as a sampled function. Mean values 
can be calculated by splitting the sampled functions into time bins. A time bin s imply collects 
any signals occurring between two points in the time history. The length of the time bins must 
be selected as a compromise between achieving high temporal resolution and ensuring that 
sufficient samples are present in each time bin to reduce stochastic errors by averaging a 
sufficiently la rge number of data points. 
3.4.6 LOA AND PDA L ITERATURE REVIEW 
LOA and PDA provide are powerful and well establis hed tools for investigating the internal 
fluid dynamics of automotive combustion chambers. LOA has often been used on steady flow 
rigs to de termine the fl ow coeffi cients of inlet ports, and on motored optical engines to measure 
air flow velocities and estimate in-cylinder turbulence. PDA has more commonly been used on 
atmos pheric spray benches and in motored optical engines to provide droplet velocity and size 
dis tributions of Diesel and GDI fu el sprays. 
Flow field measurements 
One of the first uses of LOA in motored engines was by Cole and Swords, who recorded 
measurements in the vicinity of the spark plug of a modified Ricardo E6 engine at 800 rpm in 
1979. Their 1.3W Argon ion laser was mounted on a frame that could be translated 'a few cm' 
and rota ted by 90° to measure the u and v components of velocity. The photomultipliers were 
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mounted on the same optical table to reduce the time required for alignment at 90° to the 
incident beams [Cote & Swords, (1979)]. 
W~clas et al. used LOA and oil streak techniques on a steady flow rig to investigate the 
variations in the flow field with different valve lifts. The LOA system comprised a 400 mW 
Argon ion laser in the backscatter arrangement and a TSI1990 counter as signal processor. 
Measurements were recorded for 3mm, Smm and full valve lift. The work demonstrated that 
symmetric cylinder geometries do not necessarily produce symmetric air flow fields, which had 
previously been assumed in CFD calculations based on half cylinder geometries [W~clas et al., 
(1993)] . Gasparetti also investigated the effect of valve lift, this time in a motored research 
engine, using a novel combination of LOA airflow measurements and simultaneous laser 
vibrometry measurements of the valve position. This arrangement allowed the effect of valve 
bounce on the flow field to be studied at engine speeds up to 4000 rpm [Gasparetti et al., 
(1996)]. 
The influence of piston shape on the flow field of a Diesel engine was investigated by Payri et al. 
who concentrated on turbulence measurements near the cylinder wall near TDC [Payri et al., 
(1996)] . Hong and Chen also investigated turbulence by comparing the integral length scale 
measured by a two point LOA system, with one calcu lated from the integral time scale 
measured by a single point LOA system. The work was performed on a 68cc single cylinder 
engine motored at 500 rpm, and found that the two probe technique was more reliable, as the 
in-cylinder turbulence was not completely isotropic by TDC. A CFD k-E model was then 
compared and found to be 'adequate' for the conditions studied [Hong & Chen, (1997)]. Li et al. 
also studied turbu lence intensity using LOA in a four-valve SI engine, and showed that, when 
approaching TDC, the turbulence intensity increased due to break up of the large scale tumble 
structures near the cylinder periphery [Li et al., (2001)]. 
By the late 1990's, a relatively large number of people were performing LOA measurements 
inside IC engines, and, to achieve high data rates, were using Titanium Oioxjde (Ti02) seeding 
particles to withstand the high cylinder temperatures and pressures. Ancimar investigated the 
effect ofTiOz particles on combustion and determined there was little effect on combustion 
performance [Ancimer et al., (1999)]. 
Gold et al. used a 10 LOA system to measure the in-cylinder air flow in an optical engine 
representing one cylinder of a 1.8L Rover K16. Comparisons were made between 'open valve' 
and 'closed valve' port fuelled injection strategies. LOA data were recorded with 1 o resolution 
over four swirl planes and two tumble planes during the induction and compression strokes. 
The LOA data was combined with POA measurements of the fuel spray, as well as LIF images of 
the fuel concentration and Mie images of the fuel droplet location. The study found that the a 
nearly homogeneous charge was found at TOC under both injection strategies, but higher cyclic 
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variabili ty occurred with late injection onto open valves, due to a change in the shear forces 
across the valve gap and a reduction in available mixing time [Gold et al., (2000)]. 
With CFD experiments becoming increas ingly popular due to the increase in computing power 
available, LOA and PDA have been shown to be appropriate tools for validating the results of 
s imulations. Miles et a l. compared a CFD s imulation of the induction, compression and 
expansion s troke with LOA data from a direct injection Diesel engine operating at 900 rpm and 
1.2 bar lM EP. Over an entire cycle, the predicted mean angular momentum was found to agree 
with the measured value to within S%, however, the ins tantaneous and distribution of angular 
momentum was significantly less accurate [Miles et al., (2001)]. Xu et al. also used LOA to 
measure the in-cylinder a ir motion and suggested the reduction in tumble motion at part load 
could be compensated for by closing one valve [Xu et al., (2003)] 
In recent years, PIV has overtaken LOA as the measurement method of choice for in-cylinder 
flow structures. This is mainly due to reduced equipment costs, a s impler alignment of the 
apparatus and PIV's abili ty to measure 20 planes of the flow against LOA's si ngle point 
measurement volume. However, several nove l appli cations for LOA systems have since been 
developed . For example, Esirgemez and Olcmen developed a LOA probe contained within a 
spark plug. The LOA control volume could be traversed SO mm for in-cyli nder flow analysis of 
production engines [Esirgemez & Olcmen, (200S)]. 
Spray Characterisation 
Fuel spray characterisation began on Diesel injectors, w ith Arcoumanis et al. simulating a Diesel 
fuel spray in an unpressurised Diesel engine at 200rpm with Freon 12 in 198S (Arcoumanis et 
al., (198S)]. Work continued with Pitcher et al. 's characterisation of an injector using both 
Diesel and alcohol fue ls in 1990 [Pitcher et a l., (1990)]. Arcoumanis, this time working with 
Chang, la ter appli ed PDA measurements to a Diesel spray to investigate the heat t ransfer 
prope rti es when the spray impacted a hot plate [Arcoumanis & Chang, (1993)]. 
The renewed inte rest in GDI technology saw LOA we 11 positioned to characterise the fu e l sprays 
required under both homogeneous and s tratified charge injection regimes. Wigley developed a 
high power LOA I PDA system which was used to characterise the spray from a Mitsubishi GDI 
injector operating at SO bar [Wigley et al., (1999)], w hich was later used to investigate the spray 
in the near nozzle region, which identified seven different spray characte ris tics (pre-swirl, cone 
development, cone relaxation, peak velocity, steady state, co11apse and detachment) [Wigley et 
a l., (2004 )]. 
Rotte nkolber investigated two-phase flows by adding a fluorescent tracer to the gas phase. This 
arrangement was applied to a GDI fue l sp ray a nd compared to trad itional two-phase PDA 
discrimination techniques (Rottenkolber et a l., (2001)]. Schober also condu cted PDA 
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experiments as part of his study on the Kerosene spray from an air-blast atomiser and found 
that local homogeneity significantly affected the local temperature distribution [Schober et al., 
(2002)]. 
Lacoste et al. optimised a PDA system for use in the near nozzle region of a Diesel spray at 600 
to 1600 bar pressure into atmospheres of16 to 60 bar. A 514.5nm Argon ion laser beam was 
used with the receiver mounted at 70° to the incident beams. Calibration of the photomultiplier 
voltage, laser power and measurement volume size was required to record data in the dense 
s pray. The study found that increasing the injection pressure increased droplet velociti es a t a 
given point downstream of the orifice and decreased the mean droplet diameter, and that a 
liquid core in the spray made measurements at 30mm from the orifice difficult [Lacoste et al., 
(2003)]. 
3 .5 LASER INDUCED EXCIPLEX FLUORESCENCE 
3.5.1 DEVELOPMENT OF LASER INDUCED FLUORESCENCE (LIF) AND EXCIPLEX (LIEF) 
Laser Induced Fluorescence (LI F) is a technique capable of measuring instantaneous fuel 
concentrations or temperatures over a two dimensional plane of a flow. In automotive 
appli cations, it has been used to determine the distribution of fuel droplets and fuel vapour in 
mixing experiments, the sources of NOx emissions in combustion studies and the temperature 
of combusting flames. Like PIV, LIF uses a laser light sheet to measure fuel concentration over a 
20 plane of the flow. However, unlike PIV, scattering particles are not added to the flow. 
Instead, chemical tracers which fluoresce when exposed to the laser light are mixed with a test 
fuel, and the fluorescent light is collected through filters to identify the tracer location and 
concentration. A non fluorescing test fuel is necessary as pump gasoline often contains 
numerous chemical species which fluoresce at various wavelengths. Adding tracers allows 
fluorescence levels and wavelengths to be controlled. 
Laser Induced Excip lex Fluorescence (LIEF), often called simply 'Exciplex', is an extension of the 
Ll F technique which uses two tracer chemicals that fluoresce at different wavelengths 
depending upon their physical state. These light wavelengths can be recorded separately by 
using band pass fi lters to separate the liquid and vapour regions of the flow. The Exciplex 
concept was first reported by Melton in 1983 [La Vision, (2007)], and was first reported on 
internal combustion engines in the early 1990's [Hodges et al. (1991)] 
LIEF has been used in this project to measure the qualitative distributions of fuel liquid and 
vapour occurring in the cylinder to determine if a homogeneous charge is formed at the time of 
ignition. Quantitative measurements were not required and as such the theory for extracting 
quantitative data from the results will not be covered in this thesis. 
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3.5.2 PRINCIPLE OF LASER INDUCED EXCIPLEX FLUORESCENCE 
LIEF varies from P!V and LOA I PDA as it involves ine lastic, as opposed to elastic light 
scattering. An organic tracer, (or monomer, M), is added to the fuel along with another tracer, G, 
with which it can form a reversible reaction. 
M* +G ~ MG* 
In the liquid phase, where the intermolecular spacing between the organic tracer and the 
second tracer is low, the reaction is shi fted towards the combined molecule, MG*, but in the 
vapour phase, where the intermolecular spacing is high, the reaction is shifted towards the 
separate molecules. The combined molecule fluoresces at a longer wavelength than the 
separated molecules and these different wavelength signals can be separated by using 
appropriate optical filters. 
In spark ignition applications, the organic tracer is typically Benzene, which is dissolved in a 
non-fluorescing test fuel such as isooctane. When the Benzene molecule is excited by a laser 
pulse of wavelength At.., it can absorb a photon to form an excited state, M*. 
M + photon (A'-) ~ M* 
In the case of standard LlF, this excited monomer would relax by emitting a photon of longer 
wavelength than the original laser pulse (AM). I.e. The fluorescence would be red shifted. 
M*~ M + photon (;\M) 
However, when a second tracer, N, is present, the excited monomer M* can also react with it to 
form an 'excited state complex', or Exciplex. In spark ignition applications Triethylamine (TEA) 
may be used as the second additive. Since energy is required to create the bonds in the new 
molecule, the photon emitted when the Exciplex relaxes is of longer wavelength than both the 
laser light and the monomer emission. 
M*+ N ~ MN* ~ M+N +photon (;\MN) 
Fluorescence from the monomer can occur from both the liquid or vapour phase, but, as the 
Exciplex mainly forms when the molecules are closely packed, Exciplex fluorescence only 
occurs in the liquid phase. The difference between the monomer and Exciplex emissions can be 
separated by using band pass filters (Figure 56). To reduce the fluorescence from the monomer 
in the liquid phase, the molar fractions of the Benzene and TEA additives are carefully selected 
(Table 20). 
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Las r Filter 1 Filter 2 
Ab:.;orption Emission 
\Vavelength 
Figure 56: Emission fluorescence spectra from 5% monomer [DMA]* and 5% Exciplex (DMA-
TMN]* in 90% lsooctane. 
Table 20: Exciplex tracer properties [La Vision, (2007)] 
Fraction Species Boiling Point Fluorescence Max 
wavelengths fluorescence 
1.0% Benzene (B) 81 °C 270-350 nm 285 nm 
9.0% Triethylamine (TEA) 89°C 270 - 350 nm 290 nm 
B& TEA Exciplex 300-480 nm 350 nm 
90.0% lsooctane 99oc - -
Gasoline 30- 200°C 
3.5.3 EXCIPLEX HARDWARE 
The Exciplex system used the same New Wave Solo 120 Nd:YAG Laser as the PIV 
measurements (Table 11), however, a second frequency doubling crystal was added to the 
configuration to half the wavelength to 266 nm. This moved the output into the required 
ultraviolet range, but reduced the maximum mean laser power available to approximately 40 
mjj pulse. 
The light sheet optic was the same as that used in the PIV measurements, with the exception 
that the -10 mm focal length divergent lens was replaced with a -20 mm lens to reduce 
divergence and use as much laser energy as possible in the region of interest. The 45° mirror, 
wh ich directed the light sheet into the combustion chamber, was specified to maximise 
refl ection at 266 nm. 
The light scattering in Exciplex experiments is typically of low intensity, due to the reduced 
laser power at 266 nm. The weak signals required intensified cameras to be used. Intens ified 
cameras are able to amplify low light intensities to a level useful for capturing images. The 
camera available for the project was a La Vision Nanostar ICCD camera (Table 21). 
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Table 21: Nanostar Specification 
Camera Nanostar 
Sensor Sony 2/3" progressive scan 
Pixel (H x V) 1280 x 1024 pixel 
Pixel Size (H x V) 6,7 j.Jm x 6,7 IJm 
Active Area ( H x V) 8,6 mm x 6,9 mm 
Dynamic Range > 2000:1 
Single Frames per Second 8 
Operating temperature -12°C 
Image Intensifier Micro channel plate (MCP) 
Gate 5 ns - 1000s 
Diameter 25mm 
The liquid and vapour signals could be recorded separately on the same CC D chip by 
connecting an image doubler to the front of the camera lens (Figure 57). The consequence of 
this was that the camera needed to be moved backwards until the image was half its original 
size. The image doubler then recorded the same field of view through two separate aper tures, 
allowing different wavelength filters to be attached to each aperture. The band pass filte rs used 
for Benzene and TEA trace rs a re provided in Table 22. The field of view outside th e region of 
interest then had to be masked off with dark material. 
Masking I 
Masking I I : i size i I_ -------- - - ·-J 
Figure 57: Image doubler [SprayMaster Exciplex Product Manual] 
Table 22: Exciplex band pass filters 
Liquid filter BP355 (+/-5 nm) 
Vapour filter BP297 (+/-5 nm) 
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3.5.4 LIEF SOFTWARE 
The DaVis software contains a number of functions which must be performed on the raw 
Exciplex images to obtain Exciplex data. This included dividing the images into the two images 
from each half of the image doubler, removing the background image, de-warping the image 
due to the curved liner, de-warping the Gaussian laser beam and removing the crosstalk of the 
liquid and vapour fluorescent s ignals. 
Firstly, the software splits the image vertically down the centre, necessitating a n exact 
alignment of the image doubler to prevent the image from the vapour filter appearing on the 
liquid half of the chip (or vice versa). An intens ity offset from the camera's dark current 
background image was then subtracted to get the pure LIEF signal. The distortion due to the 
curved cylinder liner was then accounted for by de-warping the images with a known 
calibration plate in a similar manner to the PlY measurements. This also accounted for the 
slightly different optical paths of the image doubler and allowed a consistent scale and origin to 
be used for the liquid and vapour images. The Gaussian intensity profile of the laser beam was 
then accounted for by the s heet correct ion process. This used an image of the laser beam in a 
homogeneous mixture of the tracer at a concentration to yield sufficient signal strength. Finally, 
the spectral crosstalk calibration was performed. Spectral crosstalk occurs due to some 
fluorescence from the monomer being detected at wavelengths of Exciplex fluorescence. In 
addition, the range for detecting the monomer includes emission from both the liquid monomer 
and the evaporated monomer. The 'crosstalk calibration' involves recording an image of'li quid 
only' and 'vapour only' regions. These regions can then be defined in the software and the 
signa ls in them are the sum of the original liquid 1 vapour phase and a certain contribution 
from the other phase. The liquid only and vapour only regions can then be identified and 
accounted for. 
3.5.5 ERRORS AND SOURCES OF BIAS IN EXCIPLEX 
The aim of the Exciplex measurements in the Hotfire project was to in vestigate whether or not 
a homogeneous charge was formed in the cylinder at the time of spark. If this was t he case, 
quantitative measurements of the air-fuel ratio cou ld then be provided by the engine lambda 
sensor. The following section will highlight why quantitative Exciplex measurements have not 
been attempted and explain further difficulties when performing Exciplex measurements in 
engines. Further information on the LIF and Exciplex techniques is avai lable in the La Vision 
manua ls [La Vision, (2008)]. 
Engi ne cylinders experience a wide range of pressures and temperatures over the engine cycle. 
Both pressure and temperature affect the Exciplex measurements. Hi gh cylinder pressures 
reduce the fluorescent signal by increasing the effect of quenching. Quenching is when excited 
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molecules return to their ground state by transferring a photon to a non-radiative molecule 
such as oxygen. 
High temperatures also affect Exciplex measurements. Firstly, high temperatures lower the 
fluorescent yield, known as thermal quenching, and secondly high temperatures shift the 
reversible reaction away from the Exciplex and towards the separated molecules. Temperature 
must therefore be considered a variable which must be calibrated for in quantitative 
measurements. The effect of temperature on fluorescence of fluorobenzene in DEMA is 
provided in Figure 58, and similar traces can be produced for Benzene and TEA tracers. 
Wavelength (nm) 
Figure 58: Temperature dependence of fluorescence emission of 0.5% fluorobenzene /10% 
DEMA in 90.5% n-hexane [La Vision, (2008)] 
The wavelengths in Table 20 show that the peak fluorescence from the excited monomer and 
the Exciplex can be reasonably separated using filters on the camera. However, there is a level 
of crossover in the fluorescent ranges which cannot be overcome. This suggests that some of 
the photons which pass through the vapour fi lter will be from liquid components and some 
photons which pass through the liquid filter wm be from the vapour component. 
One of the greatest compromises with the Exci plex set-up was the use of the image doubler. 
This required the field of view to be doubled and then large areas of t his field of view to be 
masked off with dark material. This had the effect of halving the resolution of the images. In 
addition, the image doubler becomes least effective at low f-numbers (Figure 59). 
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Figure 59: Ratio between t he t ransmittance with and without image doubler versus the 
CCD chip position at different camera lens apertures. [La Vision, (2008)] 
Calibration of the LIEF experiment was also difficult to achieve, particu la rly with regard to 
the identification of'liqu id only' and 'vapour only' regions of a typical spray image. Attempts 
to use the region around the nozzle as 'liquid only' and regions away from the bulk spray as 
'vapour on ly' were unsuccessful, and improved by placing a vial of liquid in the path of the 
laser light sheet for the 'liquid only' region and then firing the injecto r manually for the 
'vapour only' region. This was the most successful of several attempts, although no wholly 
satisfactory technique was ever finalised. 
Fina lly, the tracers used in Exciplex m easurements are severely hazardous to human health and 
sufficient health and safety equipment is required when handling these substances. Benzene is 
toxic, an irritant and is carcinogenic by inhalation or by contact with the skin. Triethylamine 
(TEA) is both toxic and corrosive. Both substances are highly flammab le. 
3.5.6 LIEF LITERATURE REVIEW 
LIF and LI EF have predominantly been used in engine research to visualise different fu e l and 
emissions species occurring during the mix ing and combustion processes. LIF has been used 
much more predominantly than Exciplex. The following papers summarise the most recent 
Exciplex work. 
One of the first examples of Laser Induced Exciplex Fluorescence was recorded by Hodges et al, 
who s tudied the gaseous and liquid phases of the fu el in a non combusting single cylinder 
Diesel engine motoring with a Nitrogen gas atmosp here at 600rpm. The Diesel fu el 
replacement consisted of n-heptane (89%), tetradecane (10%) and Tetramethyl-p-tetradecane, 
(TMPD), (1 %). The mixture was excited by a lOOmJ/pulse YAG laser operating at 355 nrn. The 
authors recorded ensemble average mass concentrations, and noted the presence o f 
longitudina l fluctuations within th e jet core. However, they accepted that the data was not 
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quanti tative, and relied on the choice of fi lte rs to completely e liminate cross talk [Hodges et a l., 
(1991)] 
LI EF was used by I pp et al. to investigate vaporisation and mixing in a single cylinder optical 
GDI engine with a compression ratio of7.6:1. The Exciplex system used a KrF Excimer laser at 
248 nm to illuminate a mixture of benzene and TEA and collected the fluorescent light throu gh 
a 287nm band pass filter onto an intensifi ed 12-bit CCD camera. The injection system was 
based around a 90° pressure swirl injector operating at 100 bar [I pp et al., (2001)) . 
Le Coz et al. used the LIEF technique (though referred to it as LIF) to investigate fu el a ir mixing 
in a stra tified charge GDI engine with a 10.5 : 1 compression ratio opera ting at 1200 rpm. The 
group used an 80mJ Nd:YAG laser and, after testing various tracers, recommended 2.9% 
Benzene and 4.1% TEA in 93% isooctane. They identified the time between injection and 
ignition as the most important factor in stra tified charge combustion and that optimum 
combustion occurred when stoichiometric conditions occurred at the s park plug a t the time of 
spark [Le Coz et al., (2003)). 
LI EF was also used by Leach et al. to investigate an air assisted injector inside an optical engine 
operating a t 1200 rpm. The injector was fired with early (120° ATDC Intake) a nd late (70° 
BTDC Co mpression) timings. The group used a Naphthalene and DMA Exciplex system with a 
XeCI Excimer laser, with the laser beams entering the optical cylinder from both sides at 90° to 
the camera [Leach et al., (2007)) . 
Roger et a l. used LI EF to study the mixi ng processes of one multistream and one pressure swirl 
injector at 20 ba r injection pressure, into a pressurised chamber containing Nitrogen at 20°C 
and 5.6 bar, and at 220°C and 9.4 bar to maintain a constant density. A tracer ofTMPD (3% mass) 
and naphthalene (0.3%) was mixed with multi-component test fuel, and excited by a Nd:YAG 
laser at 266 nm. The fluorescent light was captured on two 12bit CCD cameras mounted to 
e ither side of the cell and fitted with band pass filters centred on 350 nm and 490 nm for the 
vapour and liquid phases respectively. The light s heet was stepped through the s pray with 1 
mm resolution, which a llowed a quasi-3d analysis of the spray to be determined. The data 
showed tha t spray propagati on was de termined by both injector ta rgeting and air entrainment, 
and that the edges of a pressure swirl s pray became leaner after 500 ms [Roger et a l. (2007)) 
Cycl ic variat ions in a s tratified DISI engine were investigated by Wieske et a l. using LI EF. A 
tracer system offluorobenzene (0.5% vol) and Diethyl methylamine, DEMA, (9%) was mixed 
with a multi-component model fuel of n-hexane (70.5%) and (20%) Methyl-tetra-butyl-ether 
(MTBE). This was excited with a Nd:YAG laser at 266 nm. Investigations were made in a 482cc 
single cylinder engine operating at 2000 rpm and 0.28 bar I MEP, w ith images being recorded in 
the central tumble plane with a side mounted injector. Cross talk correction was made in the 
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software. The data suggested that the fuel was fully evaporated by the time of ignition, and that 
misfires were more prevalent when higher in-cylinder airflows transported fue l vapour more 
quickly [Wieske et al. (2006)]. 
One of the most recent examples of LIEF was performed by Alonso et al. on a Bosch C2-70 
pressure swirl injector mounted in a high pressure and temperature cell. Simultaneous 
measurements of the liquid and vapour fractions were conducted at fuel pressures of lOO bar 
into backpressures of1.4 bar and 5.8 bar, and a temperatures 50°C. Images were recorded onto 
two separate cameras with a tracer system of2% T.E.A. and 2.9% Benzene in 95.1% lsooctane 
(by mass). The sprays were made into a nitrogen atmosphere to eliminate the effects of 
quenching. The group concluded that a qualitative separation of the liquid and vapour signal 
could be achieved, but that the errors introduced by the size of the pixels in the corrected 
images meant quantitative data could not be achieved [Alonso et al., (2008)]. 
Ll EF appears to still be in its infancy as an optical technique, with a wide variety in the quality 
of papers produced. The most successful results have been achieved on simple sprays into 
atmosphere. The most successful studies have used high-powered KrF lasers, nitrogen 
backpressures and two camera arrangements. The T.E.A. f Benzene tracer combination 
appears to be successful, a lthough it is acknowledged to perform poorly at high temperatures 
and pressures. Of the studies that have been performed in engines, they have tended to be 
under highly idealised conditions or restricted crank angle periods. Due to these limitations, 
most authors question whether data is quantitative. 
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4 RESEARCH ENGINES 
The aim of the Hotfire project was to investigate the potential of combining Homogeneous 
Gasoline Direct Injection with Fully Variable Valve Timing (FVVT) for engine load control. Two 
novel si ngle cylinder, spark ignition engines were designed for this purpose. The first engine, 
SCORE, was located at Loughborough University and featured a transparent optical liner and 
piston window to allow extensive optical access to the cylinder chamber. The second engine, 
OSCAR, was located at University College London and featured a metallic liner and was 
connected to a dynamometer and emissions rack to measure specific fuel consumption and 
emissions ofCOz, CO, Oz, NOx and THC. The two engines were designed to be as similar as 
possible, with identical combustion chamber geometry and inlet and exhaust systems. 
The work included in this thesis has been conducted on the optical engine, however, the project 
involved high levels of cooperation and data transfer from the thermodynamic engine and a 
description of that engine has also been included for completeness. 
During this project, supporting work has a lso been conducted on both an atmospheric spray 
bench and inside a high pressure, high temperature combustion bomb to undertake 
fundamental studies of liquid atomisation and fu el injection research. These experimenta l 
facilities have a lso been described. 
4.1 SINGLE CYLINDER OPTICAL RESEARCH ENGINE 
4.1.1 CYLINDER GEOMETRY 
The Lotus Single Cylinder Optical Research Engine (SCORE) has been specifically designed to be 
used with optical diagnostics. The cylinder bore is 88.0 mm and the stroke is 82.1 mm, giving a 
swept volume of 0.5 L. The compression ratio is 10:1, producing a theoretical peak motored 
compression pressure of 25.1 bar. The cylinder is representative of one cylinder from a 
prototype V6 engine currently under development by Lotus Engi neering (Figure 60). 
4.1.2 OPTICAL CYLINDER LINER AND PISTON 
Optical access to the combustion chamber was provided through a full length fused silica 
cylinder liner and a sapphire window mounted in the piston crown. The thickness of the liner 
was 15 mm, which allowed a maximum safe operating pressure of 60 bar. The top of the liner 
was ground with a curved profile, the inverse of which had been machined into the cylinder 
head. This provided optical access directly into the pent roof of the combustion chamber when 
the liner was lifted into th e head. The liner bore was bonded onto a stai nless steel ring and the 
top secured up into the head on a silicon gasket by a hydraulic ram app lying 10 bar pressure. 
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Lowering this ram, and removing the gudgeon pin to lower the piston, a llowed the liner to be 
removed, cleaned and refitted within a 20 minute period. 
An extended bifurcated piston, featuring a sapphire window in the upper piston crown ran 
inside the cylinder liner. The sapphire window was 15 mm thick and had a diameter of 60 mm. 
This window was pressed into the titanium piston crown and sealed with a rubber 0-ring. This 
created a 56 mm viewing aperture, representing 40% optical access to the bore through the 
piston crown. A 45° mirror mounted between the upper and lower piston crowns allowed 
illumination or imaging through the piston window. This mirror was finished with a high 
reflectivity dichroic coating to maximise reflection of both 532 nm and 266 nm light. The piston 
was manufactured from aluminium for low weight, while the crown was made from titanium, 
due to the similar thermal expansion coefficients of titanium and sapphire. 
Carbon piston rings in the upper piston were used to maintain correct compression pressures 
and prevent abrasion between the upper piston and the optical liner. Since the piston rings 
were brittle, they were split into two 180° sections for easy removal and cleaning. In the lower 
piston, two compression rings and one oil control ring prevented oil from escaping the 
crankcase. 
The engine run time was primarily influenced by the engine speed and whether the engine was 
fired or motored. Engine run times were limited by the temperature of the optical liner. The 
engine was shut down once the cylinder's exterior wall temperature reached 100°C. When 
motored at 1000 rpm, this temperature was not reached, but at 2000 rpm an run time of 
approximately 10 minutes was typical. At 5000 rpm, the engine run time reduced to 
approximately 1 minute. However, under all conditions the raw images were then visualised to 
determine when liner cleanliness became unacceptable. This typically occurred after 
approximately 2500 cycles when motored without fuel spray or PIV seeding. When the engine 
was fired, the 100°C limit was reached after less than 2 minutes at 2000 rpm and 2.7bar IMEP. 
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Exhaust Valves 
Hydraulic ram 
Figure 60: Single Cylinder Optical Research Engine (SCORE) 
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4.1.3 CRANKCASE 
The crankcase featured both primary and secondary balance shafts which, in combination with 
the light weight piston materia ls, allowed engine operation at speeds of up to 5000 rpm. The 
engine was driven by a 15 kW Brook Hansen 'Type 160' 3-phase electric induction motor. Two 
Leine & Linde rotary encoders, one connected to the crankshaft and one connected to a 2:1 
drive representing a cam shaft, provided 360 and 3600 pulses per revolution respectively for 
engine timing data. 
4.1.4 VALVE TRAIN 
The four overhead valves were mounted in the pent roof of the cast iron cylinder head. They 
were actuated by Lotus' Active Valve Train (AVT) (Figure 61). The AVT was an electro-
hydraulic system capable of infinitely varying the timing, duration and lift of each of the 
individual valves. lt also allowed different lift profiles to be operated on different valves and 
made mu ltiple valve openings during one engine cycle possible. 
Hydraulic cyl inder 
and piston 
Cylinder Head l 
Linear Displacement 
Transducers 
Electro-hyd rau lie 
Servo Valves (EHSV) 
Poppet Valve 
Figure 61 : Installation ofthe Lotus AVT installed on promotional cut-down cylinder head 
The valve actuation system consisted of a piston running inside a hydraulic cylinder. Movement 
of this piston, and hence the poppet valve, was controlled by the flow of hyd rau lie fluid to each 
end of the piston. The flow of hydraulic fluid was controlled by high speed e lectrom agnetic 
servo valves. The switching mechanism inside these valves a llowed valve operation at 
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frequencies up to 400Hz (equivalent to 6000 rpm). The servo valves used were "Type 30, 
Standard series 31" from Moog Inc. Four inlet valve cam profiles were used during this project, 
and each was designed to be able to be manufactured on a production engine. The cam profiles 
a re provided in Figure 62. 
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Figure 62: Valve lift profiles used in the Hotfire project. 
A hydraulic power pack regulated the operating pressure using an electronically controlled 
pressure re lief valve. lt a lso passed the hydrauli c fluid through a 3 micron ftlter. The maximum 
operating pressure was 280 bar and the hydraulic fluid used was Castrol's "Brayco Micro nic 
882"oil. 
Linear displacement transducers mounted to the top of each actuator a llowed the 
instantaneous position of the valve to be monitored. The profile following ability of the AVT 
system was comparable to a cam driven system. The control software, using the input from the 
displacement transducer, featured a "clash detection" system which shut the valves if they were 
due to contact the piston. 
The servo valves were controlled by a Lotus controller, which stored the demanded valve 
profiles in fl ash memory. The controll er was connected to a PC, which acted as the users' 
interface with the AVT. The operating software took s igna ls from the crankshaft and camshaft 
encoders and the linear displacement transducers and calcula ted the instantaneous position of 
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each of the valves. This cou ld be compared to the demanded profile and any deviations cou ld be 
tuned out using a series of gain values in a control table. The control system was connected to a 
Liebert GXT uninterruptible power supply to protect against voltage spikes or power outages 
during operation. 
The maximum operating speed of the system was determined by the maximum flow rate of the 
hydraulic fluid and this limited the valve velocity to 4.5 ms·l. As such, the maximum speed 
varied according to the demanded valve profile. For the polynomial profiles taken from the 
production engine, 5000 rpm could be achieved whilst maintaining 'soft-touchdown' 
capabilities for valve closing. 
Table 23: AVT specification summary 
Hydraulic Power pack Folliard Q200392 
Maximum Pressure 280bar 
Motor 30kW 
Flow 30Um 
Filter 30 IJm 
Hydraulic Fluid Brayco Micronic 882 
Composition Triphenylphosphate 
Density 857 Kg.m·3 
Boi ling point >260°C 
Flash point 221°C 
Lotus Controller Texas TMS320C32 
Processor 32bit 
Speed 15 MHz 
Data Transfer 1 Mb/s 
Electro-Hydraulic Valves Moog Type 30 Standard 31 
Maximum frequency 400 Hz 
Maximum rated flow 26 Llmin at 210 bar 
Port Diameter 15.58 mm 
Linear Displacement Lotus Type 869-5007-601 C 
Transducer 
0- 10 Volts 20 mm displacement 
4.1.5 INLET AND EXHAUST SYSTEMS 
The intake system was designed at Lotus Engineering to represent the intake of one bank of the 
supercharged V6 parent engine. Plena were added to the intake to replicate the pressure wave 
interactions found in the multi -cylinder engine. Specifically, the intake runner volume was 3.5 
times greater than that of the V6 runner as a compromise between a 3 cylinder V6 bank and a 4 
cylinder in line engine. The intake system was designed using the Lotus Engine Simulation (LES) 
software code. 
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Positive Displacement Meter Seeding Ports 
~ 
Air Filter MAF meter 2.53L Plenum 
Figure 63: Intake system 
An automotive air filter was mounted onto a Romet G65 positjve displacement meter (PDM). 
The PDM provided one pulse every 6L and gave mean airflow consumptions during pulsating 
engine operation. Downstream of the PDM, a 60L plenum was mounted to minimise the bulk 
airflow structures entering the inlet port. This volume was a compromise between the optimal 
flow smoothing volume and physical space required. 
After the plenum, a Siemens VDO Hot film integrated Mass Air-Flow sensor (MAF) was 
positioned to provide instantaneous air flow measurements, including reverse flow. It consisted 
of two temperature dependant resistors in a bridge arrangement. The upstream sensor 
compensated for the incoming air temperature, whilst the downstream sensor was heated until 
a known temperature differential was reached. The current required to maintain this 
temperature differential was dependent upon the airflow through the sensor. 
The MAF meter was connected to a 740 mm length pipe which connected to a 40 mm diameter 
butterfly throttle. Although the aim of the project was to run unthrottled, the inclusion of a 
throttle in the system allowed baseline comparisons of performance to be made. This throttle 
was held wide open when running unthrottled conditions. 
The s mall plenum was con figured to have a diameter of approximately three times tha t of the 
runner to the engine in order to give a large expansion for any pressure waves returning from 
the intake valves. The intake runner to the cylinder head was of 49 mm diameter and hence the 
plenum diameter was fixed at 150 mm. 
The in-cylinder PIVand LOA techniques required oil droplets of approximately 1 f.lm diameter 
to be introduced and distributed homogeneously into the intake air without altering the normal 
airfltw within the intake system. A SciTek seeding unit was connected to four radial intake 
pipes with a diameter of 5 mm. 
The final section spli t the 40 mm diameter intake pipe into two smaller pipes of30 mm 
diameter to connect with the intake ports in the cylinder head. 
The exhaust port led to an exhaust plenum of 1.1 L volume into which the ECM Air-fue l ratio 
recorder (or lambda) sensor and a thermocouple were mounted. The exhaust plenum 
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connected to 3.1 m of steel pipe with 49 mm internal diameter which led to a s tandard 
automotive s ilencer and a weak extraction system. The extraction system vented the exhaust 
gasses to atmosphere. 
Table 24: Intake and exhaust plenum dimensions 
Intake Exhaust 
Total runner volume (inc. port) 0.41 I 0.251 
Plenum volume 2.531 1.12 I 
Plenum diameter 150 mm 80mm 
Plenum length 143 mm 222 mm 
4.1.6 FUELLING AND IGNITION SYSTEMS 
The Hotfire cylinder head was designed with a central injector mounted at 10° to the vertical 
between valves 3 and 4 (Figure 64). This offered best utilisation of the cylinde r geometry and 
minimised any re liability problems associated with fuel washing lubricating oil off the bore. 
The injector tip was mounted flush with the cylinder head. The spark plug position was also 
near central as for a typical spray-guided configuration. A flat topped pis ton was also employed 
to reduce weight and machining costs compared to conventional wall guided GO! engines. 
Figure 64: Lotus SCORE Combustion Cylinder 
A number of different injectors were used during the project. However, the majority of work 
was conducted on a Siemens VDO 6 hole mu ltis tream GDI fuel injector operating under 120 bar 
injection pressure. 
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This inwardly opening injector was designed with 6 equally spaced orifices around the injector 
axis. The six fue l plumes were orientated away from the injector axis by a nominal40°. 
Confidentiality agreements prevent the release of the orifice diameters. 
Figure 65: 6-Hole multistream injector 
The fuelling system used a low pressure automotive fuel pump, which drew fuel from a 10L 
tank and passed it through a pressure relief valve (PR V) set to 3.5 bar, to feed a three cylinder 
Siemens Automotive GDI pump. A second PRY set the output pressure in the line at 120 bar, as 
measured by a pressure transducer in the fuel line. A flexible fuel line connected the output of 
the PRY to the top of the injector, and the injector was sealed into an adaptor with an 0-ring 
then bolted onto the cylinder head. 
The ignition system was based on a specially commiss ioned 10 mm NGK H53 P spark plug 
(Figure 66) mounted alongside the multis tream GDI injector near the centre of the cyli nder 
head in a spray guided arrangement. 
Figure 66: NGK spark Plug 
The spark timing, injection timing and injection duration were all controlled manually by an 
AYL 4210 engine instrument controller. The signals from this unit were also monitored along 
with the in-cylinder pressure trace on a DSP Dataway control unit. 
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4.1.7 ENGINE INSTRUMENTATION 
A water-cooled Kistler 6043A60 pressure transducer was located in the cylinder head to 
measure the instantaneous in-cylinder pressure. A thermocouple was located on the cylinder 
head and an Omega OS102 infra-red temperature sensor was aimed at the cylinder liner to 
measure the outer cylinder wall temperature. Various operating parameters, such as oil 
pressures and temperatures, inlet and exhaust temperatures, in-cylinder pressures and 
cylinder head temperatures are monitored and recorded by the DSP unit and were monitored 
on a PC running Lab View software to ensure correct engine operational parameters. 
4.2 LOTUS THERMODYNAMIC ENGINE (OSCAR) 
The thermodynamic engine's combustion chamber geometry (Figure 67) was geometrically 
identical to the optical engine except for detailed differences in the piston crown to 
accommodate the sapphire window in the optical engine. The poppet valves were actuated by 
direct-acting cams driven by a rotating cam. Both intake and exhaust camshafts were installed 
in separate housings allowing each to be readily interchanged. The camshaft drive belt pulleys 
were mounted in outrigger bearings allowing camshaft removal, or replacement, without 
disturbing the drive belt mechanism. The engine featured the same primary and secondary 
balance shafts as the optical engine and was also capable of speeds up to 5000 rpm. 
Figure 67: OSCAR Thermodynamic Engine 
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An AVL 4210 engine timing unit was again used to control injection and spark timing. Th e uni t, 
as with the optical engine, took a reference signal from a camshaft mou nted encoder with 0.2° 
resolution. The load on the engine was applied by a Borghi and Saveri water-cooled eddy 
curre nt dynamometer equipped with a load cell to measure torque. 
Standard bench emissions were quantifi ed us ing a Signal Instruments rack consisting of a NOx 
analyser, a heated THC analyser, and an ND IR CO and COz multi gas analyser. Exhaust gas was 
sampled 250 mm downstream of the exhaust manifold in the exhaust ple num. A 
thermostatically controlled heated sample line was used to transmit the exhaust gas samples to 
the analysis equipment. Particulate samples were drawn at the same point and sent to a 
Cambustion DMS500 Fast Particulate Spectrometer through another heated sample line. The 
spectrometer was capable of measur ing parti cle sizes between 5 and 1000 nm diameter at a 
rate of10 Hz. 
Fuel consumption was measured by an AVL733 dynamic gravimetric fuel balance. The fu elling 
arrangement fo r the thermodynamic engine was the same as that for the optical engine apart 
from the plumbing to the fuel balance. Spilled flow from both the low and high pressure stages 
was cooled prior to being returned to the measuring vessel. 
A Kis tle r 6041A piezo-capacitive pressure transducer was mounted between the intake and 
exhaust valves at the periphery of the combustion face of the cylinder head and used fo r 
measuring the in-cylinder pressure. The cylinder pressure was pegged at BDC of the intake 
s troke using a Kis tler 4075A piezo-res istive transducer w hich was mounted towards the 
bottom of the cylinder liner. Intake manifold pressure was measured using a Druck 7517 
absolute pressure transducer, w hile ambient pressure was recorded by means of a Prosser 
Digita l barometer. Airflow measurements were made using the same hot-film meters and 
posit ive displacement meters as the optical engine. All temperatures were measured by means 
of K-type thermocouples connected to Nudam microprocesso r uni ts. 
A fast data acquisition system from MTS Systems was used to acquire cylinder pressure and 
engine speed data using the crank angle encoder set to a resolution of 0.5°. 
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5 RESULTS AND DISCUSSION 
The similar designs of the two research engines allowed the flow field and spray measurements 
from the optical engine to be compared with the performance and fuel economy measurements 
from the thermodynamic engine. This offered the opportunity to understand how combining 
Fully Variable Valve Timing and Gasoline Direct Injection affected altered the in-cyl inder air 
motion, the air-fu el mixing characteri stics and the combustion and emissions processes 
occurring under a range of realistic speed-load conditions. 
The following section will describe the experiments performed and analyse the data generated 
to propose explanations to further the understanding of the Hotfire combustion system. 
In addition, specific data from the optical engi ne were required to fulfil the requirements of the 
EPSRC funded project These included: 
• Characterisation of the injector performance into atmospheric and in-cylinder 
conditions. 
• Quantification of the mean and cyclic a irflow structures occurring within the 
engine cylinder. 
• Determining the homogeneity of the in-cylinder charge at the point of ignition. 
During the discussion of the engine resu lts, the contribution from the two universities w ill be 
clearly identified as either from the optical (Loughborough) or thermodynamic (University 
College London) research engines. 
The potential of the Hotfire combustion system relies on its ability to de liver sufficient fuel 
economy benefits over the New European Drive Cycle (N EDC) to justify the additional expense 
of installing GDI and FVVT on an engine. Two t hirds of the NEDC is spent at conditions 
representing city driving, characterised by low engine speed and low engine loads. However, 
high peak power and low '0 to 60 mph' times a re also important to encourage consumers to 
adopt the technology. The thermodynamic engine was therefore operated at a range of part 
load conditions at low and medium engine speeds, as well as wide open throttle (WOT) tests 
every 1000 rpm up to the maxi mum speed (5000 rpm) of the research engines (Table 25). 
Table 25: Speed and load test conditions investigated on thermodynamic engine 
Part Load Conditions 
750 rpm Idle 
2000 rpm 2.7, 5.7, 9.1 bar IMEP12o 
3500 rpm 3.0, 6. 1, 9.1 bar IMEP12o 
Full Load conditions 
1000,2000, 3000, 4000,5000 rpm Wide Open Throttle (WOT) 
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5.1 THE EFFECT OF UNTHROTTLED EIVC V ALVE PROFILES ON ENGINE ISFC 
Thermodynamic engine ISFC tests 
A load point of2.7 bar I MEP at 2000 rpm was selected to investigate the IS FC benefits when 
operating an engine with unthrottled EIVC va lve profiles. This is a common industry test 
condition and typical of th e NEDC test. In addition, conside rable throttling would normally be 
required, and hence the potentia l benefits ofunthrottled operation shou ld be substantial. 
The a im of the experiment was to use the thermodynamic engine to compare the JS FC of a n 
unthrottled engine with EIVC valve profiles to the ISFC of a throttled engine with no rmal valve 
profil es. The optical engine would then be used to visualise the in-cylinder airflow structures 
and fu el spray propagation under both conditions in an attempt to explain and understand the 
data. 
The 2.7 bar I MEP load point (Calculated over 720° to include pumping losses) was achieved in 
three ways: Firs tly, the standard cam profiles from the production engine were installed and 
the throttle was closed until the 2.7 bar load point was reached. The second configuration held 
the throttle wide open and used an EIVC profile with a reduced lift and opening du ration tha t 
achieved the same load condition as the throttled va lve profile. The third configura tion also 
used an open throttle and an EIVC valve profile, but achieved the load point when only one of 
the two available inlet valves was opened. This a llowed the effect of a bulk swirl motion in the 
cylinder to be investigated. This 's ingle valve' profile could be applied to e ither of the two inlet 
valves and required a s lightly higher lift and duration than the two-valve profile cam to 
compensate for one valve remaining closed. The exhaust valve profile remained constant 
throughout all the measurements and 0°C.A. refers to TDC combustion (Table 26, Figure 68). 
Table 26: Valve profiles 
Intake Standard IVO =345° IVC = 585° Duration = 240° Lift= 9.35 mm 
EJVC (Both) IVO = 335° IVC = 451 ° Duration = 116° Lift = 1. 70 mm 
EIVC (Single) IVO = 325° IVC = 462° Duration = 13r Lift= 2.10 mm 
Exhaust EVO = 135° EVC = 375° Duration = 240° Lift = 9.35 mm 
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Figure 68: 2.7 bar IMEP valve profiles at 2000 rpm 
The unthrottled EIVC profiles were designed at UCL using the 'Lotus Engine Simulation' 
software package. The respective Pressure-Volume (PV) diagrams for the three intake valve 
strategies were also simulated at Loughborough (Figure 69). The PV diagram estimated an 
86% reduction in the pumping loop area when switching from throttled to unthrottled EIVC 
operation with both valves and a 80% reduction with single valve profiles. (n.b. The 
inefficiencies due to drawing air past the throttle will be referred to as 'throttling losses', as 
opposed to 'pumping losses', which also include losses associated with drawing a ir through 
the air filter and the rest of the intake system.) 
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Figure 69: PV diagrams for 2.7bar IMEP720 using standard and EIVC valve strategies 
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The PV diagram also showed a reduction in the peak motored pressure, since by reducing the 
throttling losses, the engine needed to produce less power to achieve the same load point. This 
resulted in a lower effective compression ratio, which is discussed in detail in section 5.3. 
The data from the ISFCno• tests on the thermodynamic engine is presented in Figure 70 for each 
valve timing strategy. For each point, the spark was adjusted for best torque (MBT) and the 
ISFC data was collected and averaged over 300 engine cycles. The valve timing profiles have 
been plotted against the second y-axis, and oo crank angle refers to TDC combustion. 
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Figure 70: ISFC vs. SOl for throttled and EIVC profiles (Thermodynamic data from UCL) 
For throttled operation (dark blue), the ISFCno• remained fairly constant over the injection 
timings tested, with mean values of280 gjkWhr. For the unthrottled EIVC profiles with both 
valves operating, the ISFC was more sensitive to injection timings, with minimum values of235 
gjkWhr at an SOl of 396° occurring for the two valve case (red). This produced a 15% ISFC 
improvement compared to the throttled condition with standard valves. For later injection 
timings, the ISFC rose to a maximum value of316 g/kWhr at 436°. 
For the single valve profiles, a further gain in ISFC occurred when valve 3 only was operating 
(green). At injection timings of396°, there was a 21% improvement over the throttled full lift 
cam profiles. When valve 1 only was operated (light blue), the fuel economy benefit fell to 5%. 
This was less than the benefits when both valves were opened. Also, w hen either one of the 
single valves were employed with SOl's beyond 436°, frequent misfires occurred with engine 
stabilities beyond acceptable limits (n.b. Engine standard deviation's above 0.15 at part load or 
COV's above 5% at high load are typicaJ OEM limits). 
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It was first proposed that differences in ISFC between the valve profiles were due to d ifferences 
in the port flow rates. However, these were measured on a steady flow rig at Loughborough (as 
part of another research project) and fo und to be very similar for both intake ports (Figure 71). 
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Figure 71 : Port Flow of Hotfire cylinder head (Atmospheric Conditions: 1.009 bar, 19°C) 
The fuel economy gains reported above cannot be explained by a simple reduction in the 
throttling loss, which is estimated to account for approximately 8% of SI engine inefficiency at 
part load. Experiments on engines operating EIVC profiles have reported BSFC improvements 
varyi ng between 10% [Stone & Kwan, (1989)), through 7% [Tuttle, (1982)], [Shiga et al., 
(1996)), [Sellnau & Rask, (2003)], to as low as 4% [Vogel et al., (1997)). However, these studies 
differ from the current work as they were performed with port fue l injection, carburettors or 
artificial air-fuel mixing tanks. As such, the combustion benefits of direct injection, namely 
charge cooling, improved control of the injected mass and not inducting fuel vapour, were not 
available. One study which did investigate the combining vvr and GO! was performed by Salber 
et al. who reported fue l economy benefits of up to 23%; however, their work was based arou nd 
a stratified charge engine and not a homogeneous system [Salber et al., (2002)). 
In order to ach ieve the ISFC gai ns seen on the thermodynamic engine, the airflow past the EIVC 
valves and its interaction with the Dl fuel spray must have been affecting the charge formation 
and combustion processes as well as addressing the part load throttling losses. 
Optical investiga tion 
To investigate this, the valve profiles, spark timings, throttle positions and fuel injection timings 
and durations from the thermodynamic engine were transferred onto the optical engine. At the 
load point under cons ideration, the optical liner was capable of withstanding the peak 
combustion pressures (approximately 2Sbar) and so the engine was fired to ensure the optical 
121 
engine produced the same power output as the thermodynamic engine. Despite the differences 
in the thermal conductivity of the optical liner, the lMEP on the optical engine was within 0.1 
bar of the lM EP on the thermodynamic engi ne. This suggested that the two engines were 
relatively well matched. For later tests at higher engine loads, where the optical liner was not 
able to withstand the higher combustion pressures, the steel liner was fitted to set the engine 
load point and then replaced with the optical liner fo r the optical investigation. 
The optical experiments aimed to characterise the fl ow field into which fuel injection occurred 
us ing PIV, and visualise the propagation of the fuel s pray with Mie imaging. 
Flow field characte risation with PIV 
The PlV system was based around the Flowmaster 3 fast shutter CCD camera and the New 
Wave Solo 120 laser described in section 3.3. A 1 mm thin light sheet was formed by a ttaching 
the -20 mm focal length divergent lens onto the laser head. For the tumble plane 
measurements, the light sheet was directed off the 45° mirror, which was mounted between the 
struts of the bifurcated piston, and up th ro ugh the 55 mm aperture of the piston window. The 
light sheet was aligned between the two inlet valves on the central symmetry plane (Figure 72). 
For the swirl plane measurements, the laser beam was directed through the curved cyli nder 
liner at a height 40 mm above the position of the pis ton a t BDC, or nominally half stroke. The 
camera was fitted with the 60 mm Nikon macro lens with aperture stop f4 and positioned 300 
mm from the plane of the light sheet. The inlet air was seeded through the radial ports in the 
intake with a mist of approximately 1 11m diameter o live oil droplets from the SciTek seeding 
unit at 1 bar air pressure. 
a) PIV Field of view in tumble plane 
Figure 72: SCORE Combustion chamber 
b) PIV field of view in swirl plane 
Fifty PIV vector fields were taken at 10.0° crank angle intervals from 424.8° to 594.8° ATDC 
compression. Beyond this range the piston filled the fie ld of view. The field of view covered an 
area of 42.0 mm by 33.6 mm (Figure 72) . This excluded optical flares off the cylinder head, 
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which may have damaged the camera, and regions near the cylinder wall which the light sheet 
did not illuminate. The coordinate (0, 0, 0) represented 40 mm above the position of the middle 
of the piston when at BDC. 
The PIV processing has been described in section 3.3.4. To reiterate, a background subtraction 
was performed, as was relevant masking and a calibration to remove the warping effects of the 
liner. This was followed by a multi -pass cross correlation technique on interrogation area sizes 
of 128px by 128px on the first pass and 64px by 64px on the second pass with 50% image 
overlap on both passes. Vectors were then validated by applying the flow continuity principle 
and signal to noise ratio criterion, before a mean flow field was calculated from 50 image pairs 
at each crank angle position. The PIV flow fields (Figure 73) show the development of the flow 
field in 10° crank angle steps between 424.8° and 494.8°. The vectors are plotted on a scale ofO 
-50 ms·1 with the lowest velocities coloured blue and the highest coloured red. The vector 
length is also proportional to its magnitude and a reference velocity of25 mjs is plotted in the 
top corner of each image. The left column shows the flow fields with the engine runn ing 
throttled standard inlet valve profiles and the right columns show the unthrottled EIVC profiles 
with both va lves operating. Blank areas represent the piston obscuring part of the field of view. 
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PIV flow fields 
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Figure 57: Comparison between throttled and unthrottled EIVC flow fields at 2000 rpm 
PIV measurements in the tumble plane were also performed for the unthrottled smgle valve 
EIVC profiles. These flow fields are provided in Figure 58. The flow fields with Valve 1 
operating only are shown in the left column, and the flow fields with valve 3 operating only 
are shown in the right column. 
125 
Valve 1 on Valve 3 on 
424.8° 
434.8° 
454.8° 
464.8° 
i I 25 > 
! 
20 
35 
30 
f I 25 > 
! 
20 
"' 
35 
126 
~ 
45 
.. 
~ 
.. 
474.8° I f 2S> l 
,. 
" 
•• 
~ 
4$ 
484.8° J. l Z$ > l 
,. 
.  
•• 
..• 
~ 
45 
.. 
H 
.. 
f 
494.8° 
2S> 
l 
... 
•• 
•• 
Figure 58: Comparison between unthrottled EIVC single valve operation at 2000 rpm 
Tumble and swirl ratios, calculated using Equation 9 were calculated for the region of flow 
measured about the centre of the cylinder for all the crank angle positions when the piston 
was not in the field of view (Figure 59). However, as the field of view d id not capture the 
entire cylinder, these ratios should not be interpreted as being representative of the tumble 
and swirl ratios of the overall cylinder. 
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Figure 75: Tumble ratio v Crank angle for throttled standard and unthrottled EIVC valves 
The t umble ratio calculation shows the flow str uctures are significantly altered by changing the 
valve profiles. In the throttled case, the tumble ratio is almost zero throughout the engine 
stroke. This is a consequence of generating two recirculation vortices of roughly equal 
magnitude in the tumble plane. As the vortices rotate in opposite directions, the net effect is 
that t he tumble ratio tends to approximately zero. In the unthrottled EIVC case with both va lves 
activated, only a single clockwise vortex is visible in the field of view. This fo llows the 
descending piston. 
For the single valve EIVC profiles, the strong negative tumble ratio can be attributed to one 
anticlockwise rotation be ing seen in the cylinder. Beyond the valve closu re point ( 462° for 
single valve), the tumble ratio decays rap idly as the expansion of the gas reduces the t umble in 
the cylinder. 
Beyond 514.8° PIV data cannot be reco rded, as the expansion of the gases after the valve closes 
causes the pressure in the cylinder to reduce a nd the water vapour present in the air to 
condense into water d roplets. The scatter from these droplets is greater than the scatter from 
the seeding particles and can saturate and damage the camera's CCD chip. Before 594.8°, when 
the piston recompresses the gas on the compression stroke, the water droplets vaporise and 
PIV data can once again be recorded at that point 
The mean flow fields for the s ingle valve EIVC cases for the swirl plane are shown in Figure 76. 
The left column shows the clockwise rotation of the flow when valve 1 is opened, and the right 
column shows the anticlockwise rotation when valve 3 is opened. In this plane, the swirl 
s tructures were not centred about the cylinder axis. Swirl was centred underneath the exhaust 
port opposite which ever inlet valve was opened. 
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Figure 60: Engine motored at 2000 rpm simulating fired load conditions of 2.7bar IMEP 720• at A= 
1. Unthrottled EIVC operation, 2.10 mm Valve Lift, IVO: 325°, IVC: 462° 
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Swirl ra tios for the swirl plane PlV flow fields a re shown in Figure 77. When both valves are 
operating, in e ither the throttled or unthrottled cases, two counter rotating vorti ces are formed. 
The right hand vortex dominates s lightly in the fi eld of view and hence the mean swirl rati o is 
approximately 1. 
When only one of the intake valves is opened, a strong bu lk swirl motion is generated in the 
cylinder. Opera ting valve 1 only produces a clockwise rotation and opening va lve 3 only 
produces an anticlockwise rotation of similar magnitude. The swirl rati o decays rapidly after 
the inlet valve closes, and by 480° ATDC the swirl stru ctures are of similar magnitude to the 
two valve experiments. Beyond 490°, condensation in the cylinder means PIV data cannot be 
taken for the unthrottled cases, however, on recompression, the swirl ratio for the single valve 
is again only s lightly higher than the two valve experiments. 
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Figure 77: Tumble ratio v Crank angle for throttled standard and unthrottled EIVC valves 
Fuel spray Investigation with Mie lmaging 
For the Mie imaging investigation of the fuel spray, images were taken in both the tumble and 
swi rl plane. In the tumble plane, the field of view captured the full bore and stroke of the 
e ngine, while in the swi rl plane the view was limited by the piston window. Images were taken 
from 470.0°, when fuel first entered the cylinde r, to 540.2° in 0.6° increments. Five images were 
taken at each crank angle and mean images were calculated from each image set (Figure 78). 
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Figure 78: Throttled v Unthrottled EIVC fuel spray development (SOl: 470°) 
The Mie images from the engine show that the fuel spray was significantly affected by the in-
cylinder air flow structures. In the case of the throttled standard valves, the fuel spray is 
directed away from the in let valves, towards the exhaust valves, by the air streams travelling 
past the open inlet valves. 
In the unthrottl ed EIVC case, the valves were closed by the start of injection and the fuel spray 
behaved in a similar fashion to the spray into quiescent air. This suggests that the bulk air 
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motions have a comparatively sma ll effect on the spray development and fuel distribution 
when compared to the initial flow across the injector orifice. 
Correlation with thermodynamic engine emissions 
The images a lso showed that in the case of the throttled standard valves, fuel impacted onto the 
open inlet valves, where as in the unthrottled EIVC cam, the valves were a lready closed. This 
was expected to influence the engine hydrocarbon emissions. Measurements of the HC 
emissions were recorded on the thermodynamic engine at the same time as the ISFC tests. A 
plot of engi ne hydrocarbons is shown in Figure 79. 
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Figure 79: Engine THC emissions 
> 
Surprisingly, no significant reduction in engine THC emissions occurred between the throttled 
standard and unthrottled EIVC curves. This suggested that impact of the fuel spray on the open 
valves was not a significant mechanism for HC formation. Early injection timings produced 
similar levels ofTHC that reduced gradually as the injection timing was retarded. 
Early injection caused fuel to be sprayed directly onto the piston crown where it formed locally 
rich fuel films. As the injection timing was retarded, the piston moved further fro m the injector 
orifice and less fuel was deposited on the piston surface. Beyond 450°, the piston was 
sufficiently far from the injector orifice that little fuel impacted on it and THC levels remained 
relatively constant. THC emissions were, in fact, often higher fo r the unthrottled EIVC valves 
than the standard throttled valves, as the reduced in-cylinder pressure during the latter part of 
the intake stroke increased the fuel spray penetration and caused greater impact on the piston. 
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For the single valve operation, injection timings beyond 426° showed high levels ofTHC 
emissions, however, this correlated with frequent misfires occurring. 
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The plot of engine NOx emissions (Figure 80) showed a substantial reductions when switching 
from throttled standard to unthrottled EIVC profiles. This occurred due to the reduction in the 
effective compression ratio as the trapped mass was smaller in the EIVC case. NOx emissions 
were higher at the earliest injection timings than the later timings, as fuel impact on the piston 
caused the latent heat for vaporisation to be drawn from the piston crown and not the 
surrounding charge. 
For the single valve operation, the greatest ISFC benefits occurred when the in let valve 3 was 
opened. The Mie imaging investigation was also performed on the single valve profiles to 
investigate if, as has been suggested, it is the initial airflow across the injector orifice which is 
responsible for re-directing and distributing the fuel spray in a more beneficial manner (Figure 
81). 
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Figure 81 : Effect of single valve operation of fuel spray 
The images showed that the spray was affected by changing the airflow across the injector tip. 
In the case of valve 1 operating only, the direct injection fuel spray is transported away from 
the spark plug, whilst in the case of valve 3 operating only, the fuel spray in transported 
towards the spark plug. This, along with the closer arrangement of the injector to valve 3, 
improved the in-cylinder mixture formation processes and is likely to be, in combination with 
the additional bulk swirl motion generated, the cause of the improvement in ISFC over the 
throttled standard valve profiles. 
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5.2 THE EFFECT OF INJECTION TIMING ON FUEL SPRAY DEVELOPMENT 
In the previous study, measurements were recorded on the thermodynamic engine for a range 
of fuel injection timings, but, due to the laborious nature of optical measurements, only one 
injection time was investigated on the optical engine. A tim ing of 460° ATDC comb was selected, 
as it had produced the lowest HC em issions during the thermodynamic tests. 
However, this study had shown that the greatest ISFC gains were dependent upon the air-fu el 
interaction as well as addressing the pumping losses. lt was proposed that the most significant 
factor in the air-fuel mixing was the momentum of the airflow across the injector tip compared 
to the momentum of the fuel droplets from the injector. 
In an unthrottled engine, the momentum of the air flow is determined by the engine speed, the 
valve timing and the valve lift, while the momentum of the fuel spray is contro lled by the 
injection pressure, and the orifice diameter. As the valve profiles were fixed to achieve a given 
load condition, a nd the injection pressure and orifice diameter were also constant, the main 
factor influencing the air-fuel interaction was the fuel injection timing. As such, the optical 
engine was configured to investigate the effect of injecting the fuel at different times and, hence, 
into a number of different a ir streams. 
The engine was operated with the 3.8 mm cam profile at an engine speed of3500 rpm, and was 
throttled to achieve an IMEPno of3.0 bar to match the conditions of the thermodynamic engine 
(Table 27). 
Table 27: Engine conditions for fuel injection timing study 
SPEED I MEP Inlet lift Exhaust lift Inlet MOP Exhaust MOP 
(rpm) (bar) (mm) (mm) (0) (0) 
3500 3.0 3.8 8.8 420 256 
lmaging system 
The Flowmaster 3 camera was fitted with the 60 mm lens at aperture stop f5.6 and arranged to 
capture the full bore and stroke of the engine in the tumble plane. Five injection timings were 
investigated, with e lectronic pulses to the injector beginning at 376.0°, 396.0°, 416.0°, 436.0°, 
and 456.0° ATDC combustion. However, the 1 ms 'pre-charge' time in the injector driver 
e lectroni cs, and the further delay of 0.2 ms before fuel appeared at the nozzle orifice, resulted in 
a 25.2° period between the electronic signal and the firs t fuel being visible. As such, the imaging 
study began 24.0° after the start of the electronic pulse, and captured a 30° crank angle period 
with 0.6° crank angle resolution. Five images were recorded at each crank angle (Tab le 28). 
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Table 28: Injection and Image timings for fuel injection timing study 
Electronic Start of First Image Final Image Resolution Images 
Pulse 0 ATDC Injection (0) (0) (0) taken at 
0 ATDC each C.A. 
376.0° 401 .2° 400.0° 430° 0.6° 5 
396.0° 421 .2° 420.0° 450° 0.6° 5 
416.0° 441 .2° 440.0° 470° 0.6° 5 
436.0° 461 .2° 460.0° 490° 0.6° 5 
456.0° 481 .2° 480.0° 510° 0.6° 5 
Results 
Three mean images, comprising of five individual images, from each injection timing run are 
provided in Figure 82. These were taken at a 228 j.lS, 5141-lS and 6841-lS after the start of 
injection in the left, central and right columns respectively. The corresponding crank angle is 
provided below each image. 
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Figure 82: Tumble plane images at 3500 rpm, 3.0 bar using 3.8 mm cam profile 
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The images show that the spray development was significantly affected by different air streams 
across the injector nozzle. For the earliest injection of 401.2° (top row), the spray was seen to 
propagate a lmost vertically down the cylinder axis as the valve lift was low, but as the injection 
timing was retarded to 441.2° (3rd row), the spray was swept over to the left, towards the 
closed exhaust valves. This image corresponds to the maximum opening position of the valve. 
At the most retarded injection timing of481.2° (last row), the valve had begun to close, the 
mass flow rate into the cylinder was reduced, and the spray began to propagate down the 
cylinder axis again. 
A full emissions analysis was performed on the thermodynamic engine to understand the 
effects of this disruption of the spray on the fuel spray (Figure 83). 
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When the start of fuel injection occurred before the inlet valve was opened the engine was 
extremely unstable and misfires were prevalent This was likely due to the severe impact of the 
fuel spray on the piston crown and fuel injection occurring in the region of valve overlap giving 
poor control of the charge. 
The first injection timing investigated in the optical experiments occurred at a fuel injection 
timing of401.2° CA. This generates one of the lowest lSFC's, but one of the highest levels of HC 
and high levels of NOx. 
The previous study had shown that the highest flow rate into the cylinder occurred as the valve 
opens, and it had been suggested that tl1e shear forces and turbulence caused by these high 
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flow rates assis ted in breaking up the sp ray and generating a high quality combustion. In these 
tests, this process caused a high quality mixture to be formed and hence the low ISFC's and high 
NOx recorded. In addition, the high flow rate generated tumble structures in the cylinder for the 
remaining part of the intake stroke which further helped the mixing. There is also the longest 
time available for evaporation. However, at this early injection timing, the images in Figure 82 
s till show significant impact of the fuel spray on the piston crown, which is likely to be the cause 
of the relatively high HC emissions as a fuel fi lm is formed on the piston crown. 
As the injection timing is retarded by 20°, the high airflow levels and shear forces were s till 
present and a high quality mixture was still formed. However, the fuel impact on the piston was 
reduced. As such, this injection timing produced lower HC emissions than the earli er injection 
and the lowest ISFC's. 
As the injection timing was further retarded, the mass flow rate across the valve began to fall 
and the mixing benefits of the shear forces became less influential. Fuel impact on the piston 
was minimised as the pis ton was further from the injector, which substantially lowered the HC 
emiss ions. However, the tumble motion in the cylinder had begun to decay and the lSFC 
increased. 
At very late injection timings, when the valve is almost closed o r entirely closed, there was a 
total breakdown in shear forces to disrupt the spray and there was no tumble motion to assist 
in distributing the spray. In add ition, there was a substantial reduction in mixing time before 
the spark, caus ing a very poor mixture formation and the engine to misfire. 
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5.3 THE E FFECT OF EIVC VALVE PROFILES ON COMBUSTION DURATION 
Whilst operating the thermodynamic engine at the 2000 rpm, 2.7 bar load point (described in 
section 5.1), the spark advance of35° BTDC combustion for throttled standard valve profiles 
needed to be advanced to by 15° with EIVC profiles. An analysis of the Mass Fraction Burned 
(MFB) curve confirmed that the combustion du ration was far longer when EIVC profiles were 
used (Figure 84 ). 
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Figure 84: MFB curves w ith throttled standard and unthrottled EIVC valve profiles. 
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MFB curves can be divided into the 'ignition delay period' (often specified as 0 to 10% MFB) 
and the 'main burn time' (10% to 90% MFB). The delay time encompasses the laminar flame 
and laminar to turbulent flame transition period, and the main burn time consists of a turbulent 
burning regime and represents the main heat release phase. 
The ignition delay period of the EIVC profiles was 54°, compared to the 30° ignition delay with 
throttled valves. A longer delay time has little effect on engine efficiency, providing the spark is 
adjusted for MBT. However, the main burn time increased by 13° to 40° with EIVC from 27° for 
throttled valves. A zoo increase in the 10-90% burn time has been shown to increase fuel 
consumption by 6%, due to higher heat losses to the cylinder wall during the expansion stroke 
and greater pressure acting before TDC on the compression stroke [Stone, (1999)]. 
Two causes for the increased burn time were proposed: 
• That the longer delay time in the EIVC case was due to a slower laminar flame speed, 
caused by lower cylinder pressures and temperatures as the trapped mass was lower for 
the unthrottled EIVC case than the throttled standard case. 
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• That the longer main burn time in the EIVC case was due to lower turbulence levels around 
the spark p lug, due to the earlier closi ng of th e inlet valves allowing a longer period for 
turbulence to dissipate. 
Investigation into the longer delay time 
To investigate the slower laminar flame speed, the 'throttled standard' and 'unthrottled EIVC' 
PV diagrams were plotted from Lotus' engine simulation software (Figure 85). 
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Figure 85: Simulated PV diagram for 2.7 bar, 2000 rpm with throttled standard and unthrottled 
EIVC valve profiles 
As mentioned previously, the peak pressure for the EIVC valves was lower than the peak 
pressure for the throttled valves, as the reduced pumpi ng work meant less power cou ld be 
produced to achieve the same load point. The pumping mean effective pressure (PMEP) was 
0.25 bar lower in the unthrottled EIVC case than in the throttled case, and so a similar reduction 
could be made in the gross mean effective pressure (GMEP) whilst maintaining load. However, 
the reduction in trapped mass also reduced the effective compression ratio in the EIVC case, 
which red uced the pressure and temperature at the time of spark. The laminar flame speed, 
which is a function of the in-cylinder pressure and temperature, was therefore lower for the 
EIVC profiles. 
With a slower laminar flame speed, the spark needed to be advanced to achieve MBT. This 
placed the sparl< in an even lower temperature and pressure environment relative to the 
throttled valves which further reduced th e laminar flame speed. Large spark advances were 
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there fore required to achieve MBT. The simula tion also provided an estimate of the pressure 
and temperature in the cylinder at the time of spark for the two valve strategies, allowing the 
laminar fl ame speed in the two cases to be calcu lated (Stone, (1999)]. 
Table 29: In-cylinder conditions at the time of ignition. 
Throttled Unthrottled 
35 deg spark advance 50 deg spark advance 
Pressure 3.0 bar 1.4 bar 
Temperature 689K 537K 
Laminar flame speed 1.47 m/s 0.96 m/s 
Effective comp. ratio 4 .6 3.8 
Investigation into increase in 10 - 90% burn time 
The turbulent flame speed, which was responsible for the main burn time, was determined 
empirically through imaging the propagating flame front using the intensified camera. The 
intensified camera allowed images to be recorded despite the very short exposure times c~ 0.5 
115) necessary and very low light intensities available. The intensified camera, described in 
section 3.5.3, was fitted with the 105 mm focal length UV lens at aperture stop f4. The optical 
engine was operated firstly with the throttled s tandard valve profiles and then with the 
unthrottled EIVC profiles to achieve the 2.7 bar IMEP load point at 2000 rpm. This was the 
same engine configuration as was used for section 5 .1. Fifty images were recorded in both the 
tumble and swirl plane for a crank angle period from the time of spark to approximately 30° 
ATDC combustion in 4° intervals (Table 30). 
Table 30: Combustion flame imaging 
Speed I MEP Valves Spark Plane 1st Final Interval # of 
(rpm) (bar) (0) Image Image images 
2000 2.7 Standard 325° Tumble 325.0° 389.0° 40 50 
2000 2.7 Standard 325° Swirl 325.0° 389.0° 40 50 
2000 2.7 EIVC 310° Tumble 310.0° 390.0° 40 50 
2000 2.7 EIVC 310° Swirl 310.0° 390.0° 40 50 
Mean images in the tumble plane, calculated from th e SO image dataset, are provided in Figure 
86. Although the mean images incorporated su bstantial cyclic variation, they were believed to 
be the most representative way of presenting the data. The images with throttled standard 
valves are presented in the left column and the images with unthrottled EIVC valves are in the 
right column. Due to the earlier spark time, two additional images have been provided in the 
unthrottled EIVC case. 
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Figure 86: Combustion flame imaging, throttled standard and unthrottled EIVC 
Bright a reas represent wavelengths of light which the camera was sensitive to. The spark was 
initiated at 325° and 310° for the unthrottled EIVC a nd throttled standard cases respectively. In 
both cases, the spark discharge could not be vis ualised unti l 4° (0.33 ms) after initiation (image 
not shown) . The spark also had considerable duration, and was still vis ible 12° (1.0 ms) after 
initiation. 
The images confirmed that the combus tion events were slower with unthrottled EIVC than with 
throttled standard valves. The brightest intensities s till occurred a t TDC, despite the spark 
occurring 15° earlier in the EIVC case. This correlated well with the thermodynamic data, which 
had showed s imilar angles of peak pressure rise (ARmax =3° ATDC + / - 1 o C.A.) and similar angles 
of peak pressure (APmax = 15°ATDC +/-1°C.A.). 
Combustion began in the volume of hot gases behind the expanding, spark created, shock wave. 
During the early phases, there was a s ignificant change in the development of the flame kernel 
between the two cases. With unth rottled EIVC valves, the flame kernel was displaced in a 
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direction away from the spark plug towards the inlet valves, while with the throttled standard 
valves, the combustion propagated radia lly from the spark plug. 
Flame kernels may be convected only if they are s maller than the turbu lent length scales in the 
pent roof [Stone, (1999)]. Once the kernel has become larger than the integral length scale, the 
turbu lence wrinkles the flame front and increases the flame front area. 
A MatLAB routine was constructed to draw iso-intensity contours around the propagating 
flame front [Villa toro, (2007)]. This was applied to the mean images at each crank angle to 
a llow the growth of the flame kernel and the flame velocities to be quantified. The origin was 
defined as the s park plug gap. Similar plots were produced for the swirl plane. However, the 
piston window allowed only 40% of the bore to be visualised, and the flame front passed this 
point relatively early in the engine cycle. As such, only the tumble plane flame fro nts have been 
presented (Figure 87). 
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Figure 87: Flame front contours at TDC [Villatoro, (2007)] 
In the throttled case the flame expanded away from the spark plug in all directions. However, in 
the unthrottled case the early flame kernel was transported towards the inlet valve unti l 
approximately 346°, when the main combustion phase begins. This represents approximately 
6% on the mass fraction burned curve. Although the laminar and laminar to turbulent 
transition time is normally defi ned as the 0 to 10% time, a definition of 0 to 5% is also often 
used. lt appears that, fo r this engine, the 0 to 5% is more representative of the start of the 
turbulent fl ame. 
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The transportation of the flame kernel may contribute to the lower main burn rate. In the EIVC 
case, the transported flame kernel was closer to the inle t valves and cylinder wall a t the s tart of 
the main burn phase. This reduced the effective flame front a rea and increased heat losses to 
the cylinder walls. 
It should be noted that the imaging analysis actually provides an estimate of the Volume 
Fraction Burned (VFB), and is not directly comparable with the mass fraction curves produced 
by the cylinder pressure data. The volume fraction is likely to be significantly h igher than the 
mass fraction, as the expanding pressure wave compresses the unburned mixture ahead of the 
flame. It has been estimated that the density ahead of the flame is four times greater than the 
density behind it and that, even when the cylinder is fully enflamed, up to 25% of the mass has 
s ti ll to be burned [Heywood, (1988)]. 
There is a s trong correlation between the 10-90% MFB time and turbulence [Kiriakedes & 
Glover, (1988)]. To investigate the levels of turbulence in the pent roof, the LOA technique was 
used to characterise the local a irflow velocity in the region of the spark plug. The LOA system, 
described in section 3.4, was used to measure airflow velocities at five positions in a plane 
7.Smm below the spark plug during the intake and compression stroke (Figure 89). The points 
'N', 'W', 'C', 'E' and'S' represent 'North', 'West', 'Central', 'East' and 'South', and crank angle 
timings are relative to TDC valve overlap. 
Figure 88: LOA measurement positions (Vertical plane: 7.5mm below the spark plug gap) 
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Figure 89: LOA Mean and RMS velocity data for North, Central and South 
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Figure 90: LDA Mean and RMS velocity data for West, Central and East 
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The LOA data show the axial velocity during the period from 90° BTDC on the compression 
stroke to 90° ATDC on the power stroke. A number of similar trends can be seen on a ll the plots. 
The mean velociti es (Solid symbols, left handY-axis) fluctuate be tween+ 1 and -1 mj s until 
approximately 340°, increase to approximately 3 mjs just after TDC, then decline to around 2 
mjs by 450°. The RMS velocities (open symbols, right handY-axis) a re approximately 3m/s 
until 340° then decline to 0.75 m js by 450°, a nd are generally higher on the compression stroke 
than on the power s troke 
Both the mean velocities and theRMS velocities are greater for the throttled s tandard valves 
than the unthrottled EIVC valves. The mean velocities are up to three and a half times higher, 
and theRMS velocities a re on average 15% greater for the throttled case. 
The lower RMS velocities in particular offer an explanation for the longer burn times seen 
under EIVC profil es on the thermodynamic engine. Drawing air past a throttle is known to 
increase turbulence levels a nd hence unthrottled EIVC valves are likely to exhibit lower 
turbulence levels. Since the RMS velocities comprise cyclic variati on and turbulence, the LOA 
data suggests turbulence levels a re lower. Redu cing turbulence would increase the burn time 
by reducing the level of flame ke rnel wrinkling and the flame front area. The data therefore 
suggests that the turbulence generated in drawing air past a throttl e is not recovered by 
drawi ng air past a smalle r valve gap. Higher burn rates improve engine effi ciency by reduci ng 
heat losses to the cylinder walls and reducing the pressure increase on the pis ton before TDC. 
Hence, if a method of recovering turbulence when switching to EIVC valves could be found, 
additional fu el economy benefits may be realised. 
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5.4 THE EFFECT OF ENGINE SPEED ON IN-CYLINDER FLOW 
The flow from the intake valves past the injector and, to a lesser extent, the in-cylinder a ir 
motion have been s hown to affect engine performance by altering the charge distribution 
(section 5.1). Engine speed is another factor that affects the a ir motion. It has often been 
assumed that the fl ow structures simply scale with engine speed, however, these assumptions 
have been based on measurements below 2500 rpm. The Lotus optical engine, which is capable 
of 5000 rpm, is capable of representing a far more realistic range of normal driving conditions, 
and was therefore used to investigate the effect of engine speed on the in-cylinder fl ows. This 
was performed using the PIV technique to quantify airflow velocities and Mie imaging to 
investigate the resulting fuel spray distribution. 
Engine parameters 
Engine speeds of750 rpm, 2000 rpm, 3500 rpm and 5000 rpm were selected, with the engine 
motored at wide open throttle (WOT) with the 'Standard' valve timing profiles (Figu re 91-
Timing relative to 0 ATDC Compression). 
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The peak compression pressures were measur ed by the in-cylinder pressure transducer and 
compar ed to data from an Otto cycle calculatio n (Table 31). The measured peak pressures were 
consistently lower than the prediction due to blow-by past the two-piece piston ring at low 
speeds, heat losses to the cylinder wall during compression and inle t manifold wave dynamics 
reducing the volumetric efficiency at high speeds. 
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Table 31 : Peak compression pressures 
Otto Cycle 750 rpm 2000 rpm 3500 rpm 
25.1 bar 19.2 bar 22.1 bar 22.0 bar 
PIV system 
The Flowmaster 3 PIV camera was fitted with the 60 mm Nikon macro lens and positioned to 
capture a fie ld of view of 42 mm by 34 mm when focused on the central symmetry axis in the 
tumble plane. The laser light sheet was directed into the cylinder on this plane and focused to 
form a beam waist at the cylinder roof (Figure 92). 
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Figure 92: Particle Image Velocimetry arrangement in SCORE 
The laser power was adjusted to approximately 50 mj per pulse while the interframe time, eSt, 
was varied with engine speed to achieve an optimised particle image shift. The air pressu re 
supply to the seeder was adjusted until approximately 5-10 seeding particles cou ld be seen in a 
typical 64 px by 64 px interrogation area. Images were recorded over a period of approximately 
5 ms (beginning at 90° ATDC valve overlap), to record the flows into which a typical injection 
event would occur. However, as engine speed increased, more crank angles were covered 
during this time and the crank angle period between image pairs was increased from 1.6° to 
2.4° to 3.2° for the 750 rpm, 2000 rpm and 3500 rpm tests respectively (Table 32). 
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Table 32: PIV Image times 
RPM Crank period Resolution Image Pairs ~t 
750 89.6°--+169.6° 1.6° 51 70 ~s 
2000 88.8°--+208.8° 2.40 51 25 ~s 
3500 88.0°--+248.0° 3.2° 51 15 ~s 
Although PIV was attempted at 5000 rpm, several issues were identified that raised questions 
about the quality of the data recorded at the highest engine speed. These issues will be 
discussed thoroughly a t the end of this section. 
The standardised PIV processing routine, described in section 3.3.4 was again used to generate 
the vector flow fields at the remaining engine speeds. This produced vector fie lds with 32 by 32 
px resolution, or approximately one vector every millimetre. Mean vector fie lds were calculated 
at each crank angle from the 51 individual engine cycles. 
Results 
Mean PIV flow fi elds at approximately 96°, 106° and 116° crank angle ATDC valve overlap are 
presented at 750 rpm (Figure 93), 2000 rpm (Figure 94), and 3500 rpm (Figure 95). Alternate 
vectors have been displayed resulting in an array with one vector every 64 pixels or 2 mm. The 
vector length has been plotted on a consistent scale to a llow comparisons between engine 
speeds to be made, however, the vector colour has been rescaled with engine speed to show the 
wide variety of vector magnitudes present under different engine conditions. Next to each 
image is the corresponding cylinder pressure, mass flow into the cylinder (simulated by Lotus 
engine software) and the mean and instantaneous piston speeds fo r each speed condition. 
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Discussion 
The experiment demonstrated the air flow structures into which two in plane streams of the 6-
stream fuel injection spray would occur. Early data attempted to capture the entire cylinder, 
but this produced poor quality data due to high laser flare levels from the cylinder head and 
valves. These images, while not considered for detailed analysis, were useful for indicating the 
main structures of the flow (Figure 96). 
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Figure 96: Flows in pent roof and complete in-cylinder flow field 
The majority of the air was inducted over the top of the intake valves, and then travelled across 
the top of the combustion chamber before being forced to turn down towards the piston by the 
left cylinder wall. This generated a counter clockwise recirculation zone in the upper left hand 
corner of the cylinder. The air inducted below the intake valves was guided down the right 
cylinder wall, until it interacted with the piston and the main tumble flow to form a clockwise 
recirculation in the lower right region above the piston crown. This recirculation zone follows 
the piston crown as it descends down the liner. The full three dimensional flow is much more 
complex than the 20 flow described above. The two inlet valves sit either side of the central 
symmetry plane and the inducted flows strongly interacts with each other and with the curved 
walls of the engine cylinder, where they are given s ignificant and opposing tangential flow 
components. 
The main flow fields were restricted to the field of view described previously. These flow fields 
were analysed by three methods: Firstly, the normalised radial velocity component was plotted 
across the central cylinder axis. Then, the tumble ratio for the entire flow field was calculated, 
and finally the position and translation of the vortex centres was calculated. 
The radial velocities across the cylinder axis were plotted at crank angle positions of 100°, 120° 
and 150°. These were normalised by the mean piston speed of 2.05 ms-1, 5.4 7ms·l and 9.58ms-1 
respectively to remove the dependence on engine speed (Figure 97). 
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Figure 97: Radial velocity (Vx) across cylinder axis (Red/Green/Blue= 750/2000/3500rpm) 
As expected, the peak velocities were strongly li nked to engine speed, with a maximum velocity 
of 33 ms·l occurring at 3500 rpm at 100° ATDC. The air velociti es reduced substantia lly during 
the intake stroke, with peak velocities of only 15 ms·1 occurring by 150° ATDC in the 3500 rpm 
case. The normalised plots showed that radial flow magnitudes scaled well between 750 and 
2000 rpm, however, at 3500 rpm the relationship was less well defined. 
The second analysis technique was to plot the tumble ratio to investigate the change in flow 
scaling behaviour at 3500rpm. The tumble ratio took into account all the vecto rs generated by 
the PIV experiment as opposed to simply those on the cylinder axis (Figure 98). 
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Figure 98: Tumble ratios calculated from PIV vectors 
The similarity of the tumble ratio profiles for the engine speeds of750 and 2000 rpm indicate 
that similar flow structures exist between 90° to 155° during the intake stroke, then, as the 
piston velocity decreases towards BDC, this agreement deteriorates. However, for the 3500 
rpm engine speed there is a significant change in the tumble ratio between 100° and 155°. Two 
suggestions were proposed to explain this variation at the highest engine speed: a) that it was 
caused by wave dynamics in the intake and exhaust manifold, and b) that it was due to a change 
in the flow structure in the cylinder. 
To investigate the first proposal, the inlet wave dynamics were simulated using the Lotus 
Engine Simulation software. This provided the port pressures and the mass flow rates into the 
cylinder at the three engine speeds. During simulations, the calorific value of the fuel was set to 
0.1 kJ/kg to represent motored conditions. 
The mass flow into the cylinder in Figure 99 has been normalised by the mean piston speed at 
each engine speed. The fluctuations in the mass flow rate arrive at different times in all three 
engine cases. As such, while wave dynamics will affect the flow, there does not appear to be any 
correlation between the mass flow rates and the distinctive change in the tumble ratio. 
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Figure 99: Normalised simulated mass flow rates during exhaust and intake stroke 
Vortex tracking analysis 
The second proposal for the tumble ratio changes was that there was a change in the flow 
structures occurring at the highest engine speed. One way to investigate the flow structures 
was to identify the positions of the recirculation vortices. A vortex tracking algorithm, 
developed by Graftieaux in 2001, allowed the position of the vortex centres to be identified 
mathematically and followed as the flow progressed (Equation 26) [Graft:ieaux et al., (2006)). 
1"\:'(MAU) 1' . 
R(n ) = N L IIMIIIIVII = N L sm(J 
s s 
R = Dimensionless Scalar 
n = Position 
S = 20 area surrounding n 
N = Number of points inside S 
A = Cross Product 
M = Radius Vector 
U = Velocity Vector 
z = Unit Vector normal to the measurement plane 
8 = Angle between U and M 
Equation 26 
For eve ry vector position 'P' in the flow, the algorithm averaged the sine of the angle between a 
positional vector M, and the velocity vector 'U' of P's eight s urrounding neighbours. This was 
repeated for each vector position in the vector fi eld. In the case of a perfect vortex (Figure 100), 
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the mean of the sins of the angles wou ld be calcu lated as +/-1. The scalar field was fitted with a 
Gaussian curve, which allowed the peak positive and negative values, and hence the location of 
the vortices to be identified with sub pixel accuracy. This vortex tracking algorithm was applied 
to all the images where the piston was not in the field of view (Figure 101). 
Figure 100: Vortex centre identification 
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Figure 101: Location of vortex centres 
The plot confirms that a change in the flow structure occurred as the engine speed increased. 
The vortex centre at 3500 rpm was shifted upwards and to the right of the vortex centres at the 
lower engine speeds. As the piston descended beyond 102.8°, the vortex at 3500 rpm moved 
out of the field of view of the camera and it was impossible to track the vortex centre further. 
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A visual analysis of the vector fi elds (Figure 102) confirmed that, a t the highest engine speed, 
the lower recirculation zone was displaced to the r ight compared with the lower s peed cases. A 
greater proportion of the flow travelled underneath this recirculation zone compared to the 
750 and 2000 rpm cases. As the tumble ra tio had only been calculated for the region of interest 
of the camera image, this change in the fl ow st ructure must have been respons ible for the 
varia tions in the tumble ratio. 
750 rpm 2000 rpm 
Figure 102: Vortex centres at 90° crankangle 
PIV at high engine speeds 
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It was originally intended to perform P!V measurements at the highest possible engine speed of 
5000 rpm. However, the acquisition ofP !V data a t high speeds was fou nd to be far more 
diffi cult than at lower rpm. There were three main obstacles to overcome at the highest engine 
speed. 
The la rgest problem was a very rapid fouling of the optical components. At higher engine 
speeds, oil droplets from the crankcase rapidly contaminated the laser's divergent lens, the 45° 
mirror and the underside of the sapphire piston window. In addition, the higher volumes of 
seedi ng requ ired also rapidly contaminated the upper side of the piston window and the fused 
s ilica liner with seeding oil. Oil droplets on the optical surfaces caused s tria tions in the 
trans mitted ligh t sheet and made sharp focussing on the seeding particl es a lmost impossible. 
The engine operating time before cleaning required was also reduced by an increase in the 
wear rate of the carbon piston rings, as the additional carbon particles in the cylinder mixed 
with the oil and contaminated the optical s urfaces. The situa tion was such tha t the engines' 
optical components often became unacceptably conta minated before the engi ne could be fully 
accelerated to the necessary speed. 
Furthermore, at 5000 rpm, the camera was only able to capture one image every eleven engine 
cycles, which further reduced the number of engine cycles images that could be collected 
between cleaning sessions. Seeding of the in-cylinder fl ow also became more difficult to control, 
as the in fluence of the wave dynamics in the intake and exhaust systems modified the seeding 
density and distr ibution from cycle to cycle. 
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Operating the engine at higher speeds resulted in a wider velocity range occurring in the 
cylinder. This made selection of an appropriate inter frame time a greater compromise between 
the high and low s peed regions of the fl ow. The multi-pass cross co rrelation algorithm was 
helpful in th is respect, but results became extremely dependent upon a reliable vector estimate 
being made during the first correlati on, in order that the second correlation would be displaced 
correctly. 
The amplitude of engine vibrations also increased as the speed was increased. In fact, it is the 
vibrat ion amplitude which limits the engine speed to 5000 rpm. While the frequency of 
vibrations was s uch that the movement could not be detected between the first PIV image and 
the second (approximately 10 ~s), movements between subsequent image pairs were 
noticeable (approximately 250 ms). The magnitudes of these shifts were of the order of 6 
pixels, and it was decided this was too large when mean flow fi elds were to be calculated. 
The above issues reduced the quality of the data at 5000 and it was often unable to meet the 
validation criteria during vector fi e ld processing. Rather than lower the validation cri teri a and 
allow conclusions to be drawn from suspect data, it was decided to remove the 5000 rpm test 
case from the test matrix until these issues cou ld be addressed. 
Mie Imaging Investigation of Fuel Injection Events 
The Mie imagjng investigati on was performed over the full bore and stroke of the engine. The 
same Flowmaster 3 camera and 60 mm lens were used as in the PIV experiment. The exposure 
time of the camera was set to 2 ~ and the aperture stop of the lens was set to f#S.6. An EG&G 
MVS xenon flash was attached to a Fostec fib re optic cable and directed up in to the cylinder off 
the 45° mirror through the sapphire piston window. A second flash was attached to a Fostec 
diffuse panel to provide background lighting of the cylinder head. An 8 ~s delay was 
incorporated between the flash signal and the camera shutter to maximize the captured light 
intensity. The engi ne was motored under identical conditions as for the PIV experiment, with 
the exception that the fuel injection system was activated by a 2 ms pulse width. The 1 ms pre-
charge in the driver's electronics meant that the timing of this signal pulse had to be adjusted 
such that fuel delivery began at 90°, 120° and 150° ATDC valve overlap at the three engine 
speeds. Five images were taken at each crank angle position to allow mean images to be 
calculated. The images were processed on a greyscale background between 0 - 512 intens ity 
counts. The imaging study timings are provided in Table 33. 
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Table 33: Mie Image times 
750 rpm 2000 rpm 3500 rpm 5000 rpm 
Start of fuel injection Pulse (90°) 85.5° 78.0° 69.0° 60.0° 
Start of fuel delivery (90°) 90.0° 90.0° 90.0° 90.0° 
First Image at 89.6° 88.8° 88.0° 87.2° 
Final Image at 109.6° 148.8° 188.0° 227.2° 
Start of fuel injection Pulse (120°) 115.SO 108.0° 99.0° 90.0° 
Start of fuel delivery (120°) 120.0° 120.0° 120.0° 120.0° 
First Image at 119.6° 118.8° 118.0° 117.2° 
Final Image at 139.6° 178.8° 218.0° 257.2° 
Start offuel injection Pulse (150°) 145.5° 138.0° 129.0° 120.0° 
Start of fuel delivery (150°) 150.0° 150.0° 150.0° 150.0° 
First Image at 149.6° 148.8° 148.0° 147.2° 
Final Image at 169.6° 208.8° 248.0° 287.2° 
Resolution 0.2° 0.6° 1.0° 1.40 
Scan Time 4.44 ms 5.00 ms 4.76° 4.67 ms 
Images recorded at each C.A. 5 5 5 5 
Results 
As the Mie imaging technique did not require seeding particles o r a laser light sheet, images 
could be recorded at an engine speed of 5000 rpm. Images were taken at fuel injection timings 
of 90°, 120° and 150° (Figure 103, Figure 104 a nd Figure 105). The corresponding crank angle 
position and the time after start of injection are provided underneath each image. At each 
engine speed, a single cycle image has been provided at the closest available time to 0.5 ms, 1.0 
ms, 1.5 ms 2.0 ms, 2.5 ms and 3.0 ms after the start of injection, however, it should be noted 
that these are at different crank angle positions for the four different engine speeds. 
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Figure 103: Fuel injection images at 50190° 
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Figure 104: Fuel injection images at 501120° 
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Figure 105: Fuel injection images at 501150° 
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At 750 rpm, the images show the fuel spray s ignificantly impacts the piston for start of 
injecti ons a t 90°. The spray propagates along the trajectori es intended by the injector. The 
performance of the injector under these engine conditions is very similar to the performance 
into qu iescent a tmosphere. This shows that the peak mean airflow velocities, which the PIV 
data have measured to be in the region of 5 ms-1, a re ins ufficient to redis tribute the s pray. 
As the engine speed was increased to 2000 rpm, there was a reduction in fuel impact on the 
piston, which had moved further down the liner and away from the injector o rifice during that 
peri od. Howeve r, the additional momentum of the air structures, which had been measured by 
the PIV as approximately 25 ms·t, began to disrupt the spray and distribute fuel towards the left 
hand side of the cylinder, beneath the closed exhaust valves. At this engine speed, the individual 
plumes of the six-hole injector were indistinguishable. These trends continued and became 
more signi fican t at the 3500 rpm and 5000 rpm engine s peeds. At this injection timing, the axial 
penetration increased with engine speed, as the air flow momentum transported the fuel 
droplets away from the orifice and then ca rri ed them downwards when it met the cylinder wall. 
This effect was most noticeable a t 5000 rpm, when the air fl ow veloci ties were highest and 
spray impact on the piston did not impede the fuel spray propagation. 
For the later injection timings of1 20° and 150° ATDC, the level of fuel impact on the piston was 
reduced as the piston crown was further away from the injector at the start of injection. 
However, as the air fl ow velocities were lower during this latter parts of the engine cycle, the 
level of spray disruption and transport were also lower. For the injection timing of150° ATDC, 
the individual s pray plumes were sti ll visi ble a t 3500 rpm. 
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5.6 THE IN-CYLINDER FLOW AT ALTERNATIVE PLANES AND ENGINE LOADS 
The PIV vector fields recorded up to this point had concentrated on the central symmetry pla ne 
a t low engine speeds and loads, as they were intended to understand the interaction between 
the spray and the airflow beneath the injector. However, it was also necessary to characterise 
the flow field under different loads and inlet valve closing profiles. As such, the PIV experiment 
was rearranged to compare different load points under the other available EIVC profiles. 
Two further speed load conditions of2000 rpm, 5.7bar !M EP and 3500 rpm, 3.0 bar !M EP were 
investigated with valve lifts of2.1 mm and 3.8 mm respectively. These valve profiles have 
already been provided in Figure 62. 
PIV data were recorded on three tumble planes and one swi rl plane. The outer tumble planes 
were located 17mm either s ide of the central plane which was positioned between the spark 
plug and injector. The swirl plane was located 35 mm above the position of the piston crown 
when at BDC. In the tumble planes, images were recorded from 50° ATDC to 310° ATDC in steps 
of 10°, while in the swirl plane recordings were restricted from 100° to 260°, also in steps of 
10°. The swirl plane crank angle period was limited due to the light sheet striking the piston. 
The vertical light sheet positions are provided in Figure 106. 
Figure 106: Location of PIV planes 
The crank angle period under investigation was s plit into three experimental runs, to allow the 
ot time to be extended as the velocities in the cylinder decreased., This 'break' in the 
experimental run allowed the cylinder liner to be cleaned more regularly. While the PlY 
software was able to calculate a flow field from images that were, in some cases, somewhat 
fouled, th e regular cleaning allowed more images to be captured and hence more re liable 
statistical means to be calculated. This technique was particularly s ui table to the study ofEIVC 
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valve timings, as, after the valve closed, the seeding density reduced significantly as the cylinder 
volume increased. A further benefit of the higher load point was that pressures in the cylinder 
were greater and the water vapour condensation that had previously restricted PlV recording 
intervals did not occur. The ot times used during the experimen t are provided in Table 34. The 
crank angle positions are provided relative to ATDC intake and the vertical scales are 
referenced to the centre of the cylinder at BDC. 
Table 34: lnterframe times used for PIV image acquisition 
Tumble Plane lnterframe lnterframe Swirl Plane lnterframe lnterframe 
Crank angle Time Time Crank angle Time Time 
period (2000 rpm) (3000 rpm) Period (2000 rpm) (3000 rpm) 
50°- 120° 5 IJS 3 j.JS 100°- 150° 12 IJS 10 IJS 
130°- 200° 10 IJS 5 j.JS 150-200° 18 IJS 15 IJS 
210°- 310° 12 IJS 10 IJS 210°- 260° 20 IJS 181JS 
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Figure 107: 2000 rpm , 5.7bar 
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Figure 108: 2000 rpm , 5.7bar 
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Figure 109: 3000 rpm, 3.0 bar 
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Fi gure 110: 3000 rpm, 3.0 bar 
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The PIV images were processed using the same standardised process detailed in section 3.3. 
The images s how that the flow structures beneath valves 1 and 3 are significantly different to 
the structure in the central plane. In outer planes 1 and 3, only a single vortex was formed, 
located towards the right hand side of the image beneath the intake valves. The flow is 
influenced by the low pressure region underneath the inlet valves creating a vortex in this 
region, and this persists despite the flow forces genera ted by the descending piston. 
Investigation into cyclic variation 
PIV data up to this point have been provided in the form of mean flow fields calculated from 
datasets of approximately 50 images. It was believed that this was the most effective way of 
representing the flow. However, the datasets showed that the flow field in one cycle was 
substantially different to the flow field on the next (Figure 111). The main flow structures, 
namely the two recirculation vortices in the top left and bottom right hand corners of the image 
can be identified in each of the single cycle images, however, there a re significant differences 
between the position of the recircu lation vortices, the magnitude of the velocities and the 
apparent turbulence between the five single-cycle images. 
PIV Image 1 PIV Image 2 
PIV Image 3 PIV lmage4 
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PIV Image 5 Mean of 4 7 cycles 
Figure 111 : Comparison of single cycle to mean cycles at 3000 rpm, 3.0 bar, 90° ATDC. 
This variation in airflow is a significant contributor to combustion cyclic variation. Cyclic 
variation is the disparity in performance between cycles under consistent operating conditions. 
Under fired conditions this is measured by the standard deviation of the BMEP over a given 
number of cycles. Stabili ty limits vary by company, but a standard deviation below 0.15 for 
loads up to 5 bar and Coefficient's of Variation (CoV) below 5 are typical for multi-cylinder 
engines. CoV's of single cylinder engines are typically lower, and a limit of 3 was used on the 
thermodynamic engine to define stable operation. 
Other than the in-cylinder flow field, other sources of cyclic variation include the stochastic 
na ture of turbulence, variations in the air-fuel mixture, incomplete mixing of re-circulated 
exhaust gas and variations in the spark and flame kernel development. However, the airflow 
and local air-fuel ratio are possibly the most significant. 
The variation in the flow field was such that, in many cases, the mean field did not represent 
any particular cycle. As such, a study was performed to ensure that sufficient images were 
being recorded to ensure the calculated mean flow field converged to the true mean flow field 
i.e. the flow field that would be calculated from an infinite number of cycles. 
Mean calculations from the first 1, 3, 5, 10, 20, 30, 40 and 47 vector fields are provided in Figure 
112, which shows the convergence towards the mean flow fi eld when an increasing number of 
individual cycles are included in the mean calculation. 
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Average of 10 Cycles Average of all cycles (47) 
Figure 112: Comparison of single cycle to mean cycles at 3000 rpm, 3.0 bar, 90° ATDC. 
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A plot of th e radia l velocity plo ts a long a vertical line through the lower r ight recirculation 
vortex shows tha t the velocities when more than 25 images a re used to calculate the mean 
indistingu ishable from the mean fl ow with 47 images (Figure 113). 
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Figure 113: Convergence of mean flow field with increasing number of image pairs 
Although the mean flow can be reasonably estimated using 25 images , a calculation of 
turbulence requires cons iderably more to be s tatis tically acceptable. Calculat ion of a reliab le 
root mean square (RMS) values for turbulence requires la rge number of PlY images to be taken 
(e.g. over 2400 [Hollis, (2004 )]). Obta ining this number of images under realistic engine 
operati ng conditions is impracticable in the timeframe of this project. As such, it is believed that 
the point nature of LOA, w hich typically collects 25,000 sam ples in one experimental run, is a 
more appropriate way of generati ng turbu lence da ta. 
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5.7 HOMOGENEOUS CHARGE GENERATION WITH Dl AND PFI 
The Hotfire combustion system aimed to reduce particulate emissions under normal operation 
by burning a homogeneous charge across the e ngine map. Even in homogeneous mode, there is 
reduced mixing time and opportunity for the fuel spray to strike the piston compared to a port 
fuelled engine. This suggests that the charge may not be completely homogeneous. Laser 
Induced Exciplex Fluorescence (LIEF) was used to estimate the homogeneity of the charge at 
the time of spark. 
Ll EF (section 3.5) is a technique that can separately identify regions of fuel vapour and fuel 
liquid by isolating the fluorescent wavelengths scattered when an Exciplex tracer is excited by a 
laser beam. The fourth harmonic of 266 nm wavelength from the Nd:YAG laser beam was 
expanded by the divergent lens and directed through the sapphire window in the piston to 
illuminate the plane of the spark plug electrode. An intensified camera was fitted with a 105 
mm UV N ikon macro lens and positioned at 90° to the light sheet in a similar arrangement to 
the PIV measurements recorded the tumble plane. The UV lens was fitted with the image 
doubler, described in section 3.5, and the left and right optical paths were fitted with the liquid 
and vapour band pass filters respectively. 
The engine was operated to represent two speed-load conditions: 2000 rpm, 5.7 bar and 3000 
rpm 3.0 bar. These operating points were chosen to be the same as in the previous PIV studies. 
They were reached using both port and direct injection. In both cases, the fue l load was 
adjusted to mimic stoichiometri c conditions (Table 35). The fuel system was replaced with 
stainless steel fittings to tolerate tracers of1.0% Benzene, and 9% Triethylamine (T.E.A) in 
90% !so-octane. 
Table 35: Fuel injection conditions 
Injection Start of fuel 
Injector Fuel Pressure Duration Injection Pulse injection 
Hotfire: P228 120 bar 4.34 ms 36° ATDC 50°ATDC 
Port Fuel Injector 3.5 bar 8.4 ms 360° ATDC -
Images were recorded at crank angles of 68°, 77°,90°, 180°, 270° and 310° ATDC. The 
justi fi cation for these image times is provided in Table 36. Mean images were calculated from 
25 single-cycle images with the intensified camera am plification optimised at each crank angle 
position to generate the strongest signal to noise ratio without saturating the camera. Due to 
the variation in fluorescent intensity and the different quantities of liquid in the cylinder with 
PFI and GDI operation, this 'gain' setting had to be adjusted for each test. 
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Table 36: Laser Induced Exciplex Fluorescence data points 
Crank #of Laser GOI PFI 
Angle Images Power Gain Gain Justification 
68 25 100% 30% 80% 1.5ms ASOI (2000rpm) 
77 25 100% 40% 80% 1.5ms ASOI (3000rpm) 
90 25 100% 40% 80% Middle Intake stroke (2000rpm) 
180 25 100% 80% 80% Bottom Dead Centre 2000rpm 
270 25 100% 80% 80% Middle of Compression Stroke (2000rpm) 
310 25 100% 99% 99% Time of Spark (2000rpm) 
Results 
The images at 3000 rpm and 3.0 bar are presented on the following pages, with data reco rded 
at 2000rpm and 5.7bar supplied in the appendix. 
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Gain: 80% Gain: 80% Gain: 30% Gain: 30% 
Figure 114: Exciplex at 3000 rpm, 3.0 bar, 68.0° ATDC 
Gain: 80% Gain: 80% Gain: 40% Gain: 40% 
Figure 115: Exciplex at 3000 rpm, 3.0 bar, 77° ATDC 
Gain: 80% Gain: 80% Gain: 40% Gain: 40% 
Figure 116: Exciplex at 3000 rpm, 3.0 bar, 180° ATDC 
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Gain: 80% Gain: 80% Gain: 80% Gain: 80% 
Figure 117: Exciplex at 3000 rpm, 3.0 bar, 180° ATDC 
PFIIiquid GDI Liquid 
Gain: 80% Gain: 80% Gain: 80% Gain: 80% 
Figure 118: Exciplex at 3000 rpm, 3.0 bar, 270° ATDC 
Gain: 99% Gain: 99% Gain:99% Gain:99% 
Figure 119: Exciptex at 3000 rpm, 3.0 bar, 310° ATDC 
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Discussion 
The LIEF image quality was disappointing, with low fluorescence and high no ise levels a t all 
crank angle positions. During the intake stroke, the signal from GDI case (predominantly liquid) 
was so high that the camera gain had to be redu ced to prevent damage to the camera, but when 
this gain setting was used on the PFI case (predominantly vapour), no signal could be detected 
(and has not been shown). The two injection s trategies were therefore imaged at different gain 
settings and comparisons between them are almost meaningless. 
lt was only on the compression stroke, when the liquid signal had almost dissipated, that 
similar gain settings could be used (Although this somewhat negates the point of using LIEF to 
distinguish between the liquid and vapour phases!). Furthermore, it appears that tl1e level of 
spectral cross talk was high, and the software calibra tion was ineffective at separating the two 
emissions. 
The aim of the experiment had been to determine whether a homogeneous charge was 
generated in the cylinder when the mixing time was reduced by using direct injection and the 
flow field was diminished when the inlet valve was closed early. Whil e the images obtained 
provide a general indication that a homogenous charge was formed, the image quality was such 
that, in the opinion of the author, this question cannot be answered by the data and processing 
methods. 
However, the Ll EF images did offer a possible mechanism for high particulate emissions that 
had been seen with port fue l injection under high load conditions. At 270° C.A., the camera gain 
setting was identical for the PFI and GDl case. 
Under this condition, bright liquid droplets were seen in the region around the spark plug. 
These were not seen on the GDI case. lt was proposed that, as engine speed and load increase, 
more fuel was injected onto the back of each inlet valve, and less time was available to 
evaporate the fuel. As these trends continued, a condition occurred where the hot inlet valve 
was no longer able to vaporise a ll the fuel mass, and large liquid droplets enter the cylinder. 
These droplets remain in the region around the s park plug and burn under locally ri ch 
conditions, generating particulate emissions. Under GDI conditions, where the atomisation 
process is controlled by the characteristics of the injector, the performance of the injector is 
unaffected by increasing the engine's speed and load. 
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PFI liquid, 3000rpm, 3.0bar GDI liquid, 3000rpm, 3.0bar 
Figure 120: Droplets emanating from inlet valve 
There are several explanations for the poor da ta quality generated by this experiment Most 
significantly, the laser power from the Solo 120 laser was too low, even on maximum output, to 
generate sufficient fluorescence for a high signal to noise ratio. Laser power at 266 nm was 
measured in the unexpanded beam to be 40 mjjpulse, and this did not take into account losses 
from absorption and scatter by the dichroic mi rror and sapphire window that further reduced 
available laser energy. An more powerfu l (possibly Excimer) Laser may improve this problem 
Furthermore, the period of most interest (time of spark to top dead centre) was characterised 
by the highest in-cylinder temperatures and pressures. High temperatures are known to reduce 
the fluorescent emission of the tracer in the presence of oxygen and high pressures increased 
oxygen quenching of any fluorescence that did occur. Nitrogen atmospheres would reduce 
oxygen quenching, but may be impractical in terms of the quantity of Nitrogen required. 
As with the PIV experiments, fla re off the laser head restricted the field of view. However, 
a round TDC, these restrictions constituted a fa r higher percentage of the cylinder area than the 
PIV measurements on the intake s troke. 
The lack of a second intensi fied camera meant the ' Image doubling' system was used to capture 
both liquid and vapour phases simultaneously. The optics of this required the distance between 
the camera and the cylinder to be doubled, and significant masking to be requi red. This resulted 
in on ly 25% of the camera's pixels being used and significantly reduced the resolution of the 
images. A second camera would have been beneficial, although with the significant cost 
impl ications 
Furthermore, it should be noted tha t the gasoline LIEF tracers combined benzene and TEA 
tracers, which corroded many typical engine components and necessitated the use of 
considerable dangerous chemical handling equipment to meet HSE guidelines. 
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5.8 PARTICULATE B ENEFITS OF LIVQ VALVE TIMINGS 
Particulate matter (PM) is the solid particles emitted from IC engines. lt comprises of carbon 
particles (Soot), unburned oil and fu el nuclei, sulphates, and metallic compounds added to fuel 
and oil and created by engine wear (Ash). These particles lead to intake valve deposits, injector 
coking and increased engine wear. 
Particulate emissions are characterised by their s ize and mass. Particulates from GDI engines 
can be divided into two size classifications: The smallest particles, 'Nano-particles', have 
aerodynamic diameters (a diameter which would exhibit the same behaviour of the particle, if 
it were a sphere with unit density) be low 50 nm and have been shown to be severely 
detrimenta l to human health [Kittelso n, (1998)]. 'Fine particles' are particles with aerodynamic 
diameters between SO and 2500 nm and are less damaging as the human respirato ry system is 
able to filter and reject them. 
Nano-particles make up 90% of the particulate number, but only 10% of the parti culate mass. 
They form as fuel and oil vapour in the exhaust gas is cooled and diluted and, as they are small 
enough to be inhaled into the a lveoli, are the most dangerous to human health. 
Fine particles make up 10% of the particle number, but 90% of the particulate mass. They form 
from locally rich combustion of fu e l and oil in the cylinder and accumulate in the exhaus t, 
compris ing mainly of soot and ash (Table 37). 
Table 37: Sources and formation of particulate matter 
Classification Formation Size Source % by mass % by 
number 
Nano-particles Nucleation < 50 nm VOC's , Sulphur, =10% =90% 
(+ Soot, ash) 
Fine particles Accumulation 50 nm- Soot, ash, =90% =10% 
10,000 nm 
Due to stratified combustion, particulate emissions from 151 generation GDI engines can be an 
order of magnitude higher than from PFI engines, on account of the impact of the fue l spray on 
the cylinder walls and the reduced time availab le for mixing. Euro V emissions legis lation, 
arr iving in 2009, enforces a 0.005 g/km limit on particulate emissions from a ll GDI engines. 
During a 'cold s tart', where the engine is started with the cylinder b lock, cylinder head, a nd oil 
and coolant circuits at ambient tempera ture, pa rticulate emissions can be a further order of 
magnitude higher than a warm engine. The cold conditions reduce fuel vaporisation and as 
such, the engine management system is programmed to operate under rich cond itions in order 
that sufficient fuel is vaporised to run in a stable manner. 
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As such, improving atomisation under cold start cond itions improves both particulate 
emissions and fuel consumption. One way to address this is to generate sub atmospheric in-
cylinder pressures during the period of fu el injection. Late Inlet Valve Opening (LIVO) valve 
timings ach ieve this. LIVO valve timings involve sign ificantly retarding an EIVC inlet valve 
profile (Figure 121). LIVO timings are inefficient under normal conditions, as an unrecoverable 
vacuum is formed, but may be acceptable for cold starts if they allow over-fuelling to be 
reduced. The Hotfire combustion system, which was intended to be a low particulate engine, 
therefore offered an ideal opportunity to s tudy the effect of LJVO valve profiles on cold start 
particula te emissions. 
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Figure 121 : EIVC and LIVO valve timing 
?articulate emissions were measured on the thermodynamic engine by a Cambustion DMSS OO 
differentia l mobility spectrometer. This electrica lly charged the particulates, and then passed 
them through an electric field. The inertial of the largest particles resulted in a weak defl ection 
compared to the smaller particles, a llowing them to be separated and counted according to size. 
On the optical engine, an imaging experiment was performed on a 0.4SL under-square version 
of the optical engi ne (which had a longer s troke and shorter bore to the configuration tested 
throughout the rest of this thesis (Table 38)). 
Table 38: Under-square optical engine configuration 
Bore 80.5mm Camp. Pressure 1000 rpm 2300 rpm 4000 rpm 
Stroke 88.2mm STANDARD 21.3 bar 26 bar 27 bar 
Compression Ratio 10.5:1 LIVO 25.0 bar 31 bar 28 bar 
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Spray images from a 100 bar pressure swi rl injector were obtained for injection timings of 45° 
and 90° ATDC. These were obtained for both 'standard' and LIVO injection timing strategy 
(Figure 122). In comparing these spray images it should be remembered that the images were 
recorded at three different engine speeds and hence are at different crank angle positions 
(although at equal times after the start of injection). As the images were taken during the early 
stages of the project, the PIV and LOA techniques were not available at the time to quantify the 
airflow velocities. 
1000 Standard 
Injection timing: 90° ATDC 
Image time: 100° ATDC 
Valve lift is 0.8 mm 
2300 Standard 
Injection timing: 90° ATDC 
Image time is : 11 2° A TDC 
Valve lift: 1.9 mm 
4000 Standard 
Injection timing: 90° ATDC 
Image time: 130° ATDC 
Valve lift: 3.2 mm 
Figure 122: Comparison of sprays under Standard and LIVO timings at 1.67 ms ASOI 
For the LIVO valve timing both the in-cylinder flow and pressure combine to significantly 
modify the spray atomisation, penetration and distribution. The LIVO sprays penetrated further 
into the cylinder and were strongly deviated to the right hand s ide of the images. The spray 
cone angle is much less distinct and a cone angle was difficult to quantify. The penetration in 
the cylinder was increased due to the lower density as the trapped mass was expanded, and 
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also due to entrainment with the very high velocity intake a ir. This high velocity air was created 
by a very high pressure differential across the valve gap, caused by both the in-cylinder 
pressure being low (0.3bar), and the pressure in the inlet port being atmospheric (as the 
throttle had been removed). These high velocity jets, which were di rected by the intake port, 
were also responsible for directing the spray onto the right han d cylinder wall. 
In addi ti on, the lower cylinder pressures created by LIVO timings caused the rate of 
evaporation of droplets to increase. The rate of evaporation was therefore greater than for 
throttled valves. LIVO may a lso be capable of generati ng sufficiently low pressures for flash 
boiling to occur. Flash boiling occurs when th e ambient pressure is below the saturation 
pressure of some components of the fuel (Table 39), and causes bubbles ofvapour to be formed 
in the body of the liquid fuel. Flash boiling is a favourable mechanism for atomising liquid fuels, 
but at present it is not known whether this occurs in the fuel injector, the body of the fuel spray 
or within individual droplets. The mechanisms behind fl ash boiling in GDI engines are currently 
being investigated in more detail at Loughborough University. 
Table 39: Gasoline and gasoline component properties 
Vapour Pressure Specific Gravity Boiling Point 
(at 20°C) (at STP) 
Gasoline (Jet)8 60 kPa 0.75 g/cm3 25°C- 215°C 
Gasoline (Shell)9 35-90 kPa 0.73-0.78 g/cm3 25°C- 228°C 
Methyltetrabutylether (MTBE) 10 27 kPa 0.741 g/cm3 ::::: 55°C 
Benzene11 22 kPa 0.874 g/cm3 80- 80.2°C 
I so-octane 12 5.2 kPa 0.69 g/cm3 99oC 
Injection timing was seen to be critical, as the pressure continued to decrease rapidly until the 
valve was opened. For the va lve timing under cons iderati on, inlet valve opening occurred at 79° 
ATDC. At this point, the in-cylinder pressure had fa llen to 0.1 bar. The valve gap was a lso 
minimal and the piston was approaching its maximum velocity. As such, the air ve locities 
produced were at their highest. 
a http:/ fwww.conocophillips.co.uk/N R/rdonlyres/33783385-782 7-42C7 -8369-
93S DF903FF37 /0/unleadedgasoline.pdf 
9 http: I fwww.shell.comfstaticfau-enf downloadsjfuelsfmsdsf shell_u nled_resgas_camsa3_msds. pd f 
10 http:/ fwww.efoa.orgfmtbefpdfjappendix16.pdf 
11 http:/ fwww.castleviewuk.comf FramelessfSafejmsdsfexfMSDS_benzene.hbn 
12 http:/ fwww.i rmm.jrc.befhtmljreference_materials_cataloguefcataloguefattachements/IRMM-
442_msds.pdf 
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Unlike many of the sprays investigated during the project, there was a high level of spray to 
spray variation . This is probably due to the small droplets being highly influenced by the strong 
airflow stru ctures. However, in almost a ll cases, the spray impinged on the piston crown at each 
of the three engine speeds. 
One unexpected effect of LIVO timings was on the peak cylinder pressure. Due to the increased 
rate at which air entered the cylinder, the peak pressure was higher than the unthrottled case, 
despite the reduced valve lift area. As such, these LIVO timings were unsuitable for low load 
operation without considerable additional throttling. It was for this reason that LIVO was not 
investigated further during the project 
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6 CONCLUSIONS AND FUTURE WORK 
Outlook for homogeneous GDI engines with FVYT 
Despite research into a lternative sources of mobility and the increase market share of Diesel 
engines, gasoline is likely to reta in its position as a prime energy source for light duty vehicles 
for numerous years. Improvements in the fu el economy of gasoline engines are therefo re 
crucial to limit the environmental impact of transportation. 
Stratifi ed direct injection engines improved the fuel consumption of gasoline engines by 
addressing the inefficiencies associated with drawing air past a throttle at part load. However, 
the nature of stratified combustion produced high NOx and high particulate emissions that 
required costly after-treatment systems to meet emissions legislation. These after-treatment 
systems were poisoned by high sulphur fuels in many commercial gasoline specifications. 
An alternative to stratified combustion is to burn a homogeneous charge across the engine map 
and address the throttling inefficiencies at part load by using a fully variable valve train. This 
allows a conventional three-way catalytic converter to be used with worldwide fuel 
compatibility. This approach addresses the emissions issues associated with stratified 
combustion and is complementary to other future engine technologies such as aggressive 
downsizing and second generation biofuels. 
Early inlet valve closing (EIVC) profiles reduce engine load whilst maintaining the benefits of 
charge cooling from direct injection engines. However, reducing the inlet valve lift and duration 
also affects the in-cylinder flow field and mixing phenomena. The effect of this on mixing and 
charge formation has not been previously s tudied. 
The aim of this thesis was to measure the in-cylinder flow fields, visualise the spray formation 
processes and contribute to the understanding of in-cylinder charge formation processes in 
homogeneous direct injection engines. 
These goals were achieved by a combination of complementary modern optical techniques that 
a llowed various combustion system processes to be investigated. LOA was used for a irflow and 
droplet velocity measurements and was found to be particularly usefu l in turbulence s tudies. 
The high number of particles that could be acquired in each time bin allowed statistically 
reliable RMS values to be calculated, and the high laser energy density in the unexpanded beam, 
coupled with the ability to wait until sufficient particles had passed through the measurement 
volume, made the control of seeding densities less influential. However, the point nature of LOA 
measurements made operating the system extremely labour intensive. In contrast, PIV systems 
are simpler to install and operate and the planar nature of PIV measurements was found to be 
very useful in the study of cyclic variation and in the visualisation of the bulk fl ows. The PIV 
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sys tem was a lso less expensive and the PIV cameras could also be used in Mie Imaging s tudies 
which were extremely useful for visualising in cylinder processes and understanding fuel spray 
events. However, PIV is unsuited to turbulence measurements in this project, due to the limited 
number of images that could realist ically be achieved and, for the smalle r scales of turbulence, 
the resolution of the vectors in the flow field. 
A further collaboration between Lotus Engineering and Continental (formally Siemens VDO 
automotive) exploited the findings of the Hotfire project to develop a modern three cylinder 
direct injection gasoline engine for a Low-COz demonstrator vehicle that was unve iled a t the 
IAA inte rnational motor show in Frankfurt in September 2007. This vehicle featured a 1.5L 
engine with a 12kW mild hybrid motor and cam profile switching and a lso benefitted from low 
rolling resistance tyres. Engine performance details are provided below. 
Coltman, D., Turner J.W.G., Curtis, R., Slake, D., Holland, 8., Pearson, R., Arden, A., Nugli sch, H., (2008), 
"Project Sabre: A Close-Spaced Direct injection 3-Cylinder Engine with synergistic technologies to achieve 
low C0 2 output'', SAE Technical Paper 2008-01-0138. 
Maximum power: 117kW@ 5000rpm (107 BHP/L) 
Maximum torque: 240Nm @ 2500rpm - 4000rpm 
C02 Emissions (NEDC): 149 g/km C02 (Euro 5) 
The Effect ofUnthrottled EIVC Valve Profiles on Engine ISFC 
At 2000 rpm and 2.7 bar, unthrottled EIVC va lve profil es improved engine fu el cons umptio n by 
15% with both valves operated. This ISFC benefit was greater than the 86% redu ction in 
throttling losses implies, and suggest s that EIVC profil es also affect the mixing and combustion 
processes. Single va lve EIVC opera tion saw ISFC benefits rise above 20%, but this was sensitive 
to which of the inlet valves was opened. This e ffect was not due to the port flow coe ffi cients, but 
was related to the initia l a ir fl ow across the injector tip directing the fu e l plume in 
perpendicular directions, with the greatest ISFC benefits occurring when the airflow directed 
the plume towards the spark plug. 
PIV was used to quantify the airflow s tructures in the cylinder and showed tha t EIVC va lve 
profiles s ignificantly affect the bulk a ir motions occurring. Bulk tumble motions dissipate 
rapidly once the va lves have closed and tl1e trapped gas expands. Single va lve operation 
generated swirl motions, which again dissipated rapidly a fte r va lve closure and hence could not 
be responsible for further charge mixing and dis tribution. 
Mi e imaging studies showed that the air flow across the injector tip was more important than 
the mean air s tru ctures in dete rmining the spray dis tribution. This was due to the high air 
velocities generating strong shear forces that broke up and directed the fu e l plumes. This w as 
highlighted when frequent misfires occurred if the start of injection occurred a fter valve 
closure when no shear forces were present. 
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The Effect of Injection Timing on Fuel Spray Development 
The optimum lSFC's required the spray to be injected sufficiently early to maximise the time 
available for mixi ng, yet still occur in the region of early valve opening to uti lize the high shear 
forces and tumble motion occurring when the valve opens. Starting injection too early caused 
the spray to substa ntially impact the piston and caused an increase in particulate emissions. 
Late injection timings did not have sufficiently high shear forces, tu mble motion or mixing t ime 
to achi eve the best lSFC's. 
The Effect ofEIVC Valve Profiles on Combustion Duration 
Unthrottled El VC profiles required 15° additional spark advance for MBT compared to standard 
throttled valves. Mass fraction burned (MFB) curves and combusti on imaging confirmed that 
the ignition delay increased by 24°, and the ma in combustion phase period increased by 13° 
when operating ElVC cam profiles. 
The increase in ignition delay time was due to a slower laminar flame speed, as eliminating the 
throttling losses allowed EIVC to t rap a smalle r mass for the same load point. This lowered the 
effective compression ratio and reduced the pressure and temperature at spark. To achieve 
MBT, the spark had to be advanced, placing it in even lower pressures and temperatures. 
The longer delay time allowed the air fl ow structures to t ransport the initial flame kernel from 
the spark plug to a location underneath the inlet valves. The main combustion phase therefore 
began whilst the kernel was close to the cylinde r head and suffered fro m a reduced flame fro nt 
a rea. This increased the main burn time, increased heat losses t o the cylinder head and 
increased the cycle to cycle va riati on. 
However, the main cause for the longer burn times were lower levels of tu rbulence in the 
cylinder with the LOA measurements s howing the turbulence intensity to be cons istently lower 
with unthrottled EIVC profiles, due to the El VC profil es expanding the trapped mass and 
a llowing more time for the turbulence to dissipate. Whilst the increase in the delay time is 
believed to have little effect on engine e ffi ciency, the increased main burn time is known to 
make an engine's ISFC worse. 
The Effect of Engine Speed on In-cylinder Flow 
A vortex tracking a lgo rithm revealed a translation occurs in the location of the recirculation 
vortex that travels with the piston. This vortex was calculated from the mean flow fie ld, at 3500 
rpm. This is in contradiction to the establis hed theory that engine velocit ies exhibit a linear 
scaling relationship with speed, which has typically been drawn from investigations of engines 
operating below 2500 rpm. 
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The lower right recirculation vortex was shifted upwards and towards the right of the field of 
view as the engine speed increased. A greater proportion of ai r travelled und erneath this vortex 
as it became detached from the rapidly descending piston. 
Attempts to perform PIV measurements at the maximum engine speed of 5000 rpm were 
unsuccessful, due to oil deposits contaminati ng the 45° mirror, the sapphire piston crown and 
the light s heet optics. These issues were so severe at this engi ne speed, that recording a 
sufficient number of quality images was impracticable in the available timeframe. 
Mie imaging identified that mean air velocities of greater than 2Sms·l were required to fully 
disrupt the spray and velocities below 5 mjs showed little disruption. Between these two 
values a transitional regime occurred. The ai rfl ow velocities also d iminished rapidly during the 
engine cycle, suggesting that high engine speeds must s till be combined with early injection 
timings for the spray to be properly disrupted. High velocity air flows also increased 
penetration as entrained droplets were forced to turn downwards when the flow met the 
cylinder wal l. 
The In-cylinder Flow at Alternative Planes and Engine Loads 
The flow field beneath the intake valves was significantly different to the fl ow on the centra l 
plane, due to the influence of the low pressure region beneath the intake valves during 
induction. This, in combination with the tumble flow in the cylinder caused a single 
recirculation vortex to form in the field of view. The effect of engine load was not particularly 
significant, w ith very s imilar mean flow field s tr uctures occurring for the two load cases 
s tudied. 
Cyclic variation was sufficient for no individual cycle was similar to the mean flow field. While 
50 images were sufficient for the mean flow field to converge, this was not true of theRMS flow 
fi e ld. As such, an attempt to use the RMS fl ow fi eld to separate the cyclic variation into 
turbulence and bulk motion fluctuations was not a ttempted. Achieving sufficient images to 
perfm·m this would have required much longer experimental run times and it was believed 
would have introduced more errors (in terms of window fouling) than the benefits of greater 
image number would have provided. 
Homogeneous Charge Generation with 01 and PFI 
LI EF provided some insight into the formation processes ofparticulate emissions under high 
speed and high load port-fuelled conditions. This showed substantial liquid fragments entering 
the cylinder if the inlet valve was unable to vaporise the fuel sufficiently qu ickly. 
Further LI EF measurements were made during the period of the spray formation, however, in 
the region of interest around TDC, high in-cylinder temperatures reduced the fluorescence 
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intens ity, and high oxygen concentrations increased quenching of that signal. To compensate, 
the intensified camera gain had to be significantly increased, and the signal to noise ratio was 
unacceptable. With the experimental equipment available, little meaningfu l data arou nd the 
time of spark could be generated. 
Simila r conclusions have been published by other authors [Zhang et al.(2007)], and it must be 
concluded that, while LI EF may be useful for analysing spray mixture fo rmation, with the 
apparatus ava ilable on the project, the engine la mbda sensor and exhaust emissions are more 
useful for determining whether or not the engine was producing a homogeneous charge. 
Particulate Benefits ofLIVO Valve Timings 
LlVO timings can reduce particulate emissions during cold starts by improving evaporation of 
the fuel spray and reducing overfu elling by the engine management system. 
The penetration and distribution of a pressure swirl GDJ spray was significantly a ltered by 
injecting into the low gas densiti es caused by s ub-atmospheric in-cylinder pressures. The sp ray 
distribution was also altered due to a much higher velocity airflows entering the cylinder 
caused by a greater pressure gradient across the valve gap. In addition, in some cases the 
cylinder pressure was below the vapour pressure of some components of the fuel and fl ash 
evaporation was seen to occur. However, in the case studied, the mass of air inducted with LIVO 
profiles was greater than unthrottled standard valves, and hence the technique is only 
applicable for part load operation in combination with cylinder deactivation. 
Future work 
The Lotus engine is capable of significantly higher speeds than other optical engines. However, 
mecha nical vibration limits this engine to 5000rpm, some one to two t housand rpm below the 
maximum speed of typical road going gasoline engines. lt is tempting, having seen changes in 
the fl ow structure at 3500 rpm, to wonder what the effect would be of going beyond 5000 rpm. 
However, this temptation is mitigated by the fact that the Hotfire concept was only ever 
intended to improve part-load effi ciency. As an engine's speed and load increases, the th rottle 
moves to a more open position and the potenti al for throttling efficiency gains are reduced. As 
such, the author feels that the project was not li mited by the engine's 5000 rpm limit 
Although it was originally intended to perform PIV at 5000 rpm, problems with the o il control 
meant the data were not acceptable. With additional t ime ava ilable to redesign the oil control 
ring system, it may have been poss ible to achieve this goal. lt would have been usefu l to 
investigate whether the change in the fl ow stru cture rema ins, or is enhanced, as even faste r 
engine speeds are achieved. However, for the reasons outlined above this was not considered 
essential. 
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Having determined the importance of the flow across the injector tip, it would have been 
interesti ng to investigate more th oroughly this small region than attempt further full fie ld PIV. 
It would seem reasonable that the valve dimensions, valve seat design and injector mounting 
position play a more significant role than previously believed. These experiments may have 
been performed more cost effectively on a steady flow rig. 
Whilst not in the original project proposal, the intensified combustion fl ame imaging was 
extremely useful for estimating flame speeds and visualisi ng the shift in the flame kernel under 
EIVC conditions. The Hotfire engine lends itself to s tudying further combustion effects. Of 
particular interest to the author would be a comparison of the flow fields generated with and 
without combustion. When combustion is initia ted, the flame front can be identified by its 
consumption of the seeding and ahead of the flame front, the velocities of the seeding could be 
compared to those when no combustion was present While the fundamentals of this technique 
have been demonstrated, it has been limited to simple burners or restricted fields of view 
[Jarvis & Hargrave, (2006)). 
While the Laser Induced Exciplex Fluorescence data was useful for identifying a mechanism for 
particulate formation in PFI engines, the remaining Exciplex data was disappointing. The 
author believes that significant changes in apparatus were required to ach ieve the data 
requested. Specifically, the use of two intensified cameras, a more powerful laser, (such as a KrF 
Laser) and possibly a fully nitrogen atmosphere is necessary to obtain the data successfully. 
Finally, it is unli kely that homogenous unthrottled EIVC will be sufficient on its own to meet the 
improvement in fuel consumption required by future emissions legislation. It does, however, 
lend itself to combination with further C02-reducing powertrain technologies, such as 2nd 
generation biofuels, aggressive downsizing and low friction technologies. The continued 
development and combination of these technologies suggests that the future of the gaso line 
e ngine is likely to be a fascinating one. 
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8 APPENDIX 
8.1.1 SUPPORTING APPARATUS 
As outlined in the project proposal, the fue l injection system was required to be characterised 
in terms of its spray propagation and cone angle, its droplet size distribution and velocity and 
its fuel injection rate. The following investigations aim to fulfil this requirement. Data were 
recorded on an atmospheric spray bench and in a high pressure temperature cell. Fuel injection 
rate measurements were performed in an lnov8 'Akribis' rate measurement device. The 
following section describes these pieces of apparatus and the work performed on them to 
characterise the injector. 
Atmospheric Spray Bench 
A self-contained high pressure fuel injection rig, shown in Figure 123, was developed for 
analysing liquid sheet break up and investigating pressure swirl GDI sprays. For the Hotfire 
project, this rig was modified to accept the Siemens multistream injectors. The spray rig 
allowed visualisations of the sp ray to be made at atmospheric temperatures and pressures, and 
eliminated any containment or airflow structures that could influence the spray. The spray 
propagation would then be determined by the injector and fuel properties alone. The following 
section will describe the design of the rig and its capabilities. 
The rig was divided into two main sections; the control area, which contained the electrical and 
mechanical systems used to pressurise the fuel line and control the injector, and the working 
section, into which the fuel spray occurred. The control area consisted of the control panel, 
which contained the operating switches and readouts of the low and high fuel pressures and 
motor speeds, and the electrical motors and pump assemblies. The rig was based around a 
Siemens VDO 200 bar three cylinder fuel pump which was powered by a 2.2 kW Mare lli Motori 
electric motor. This was connected to a variable pressure relief valve (PRV) which cou ld be set 
to the rated pressure of the injector. The spill from the pressure relief valve was returned 
through a pipe to the fuel tank. The supply pressure from the pump was monitored by a 
pressure gauge and the electric motor speed was monitored by a digital readout on the control 
panel. During primary testing. the delivery pressure from the GDI pump, which was designed to 
driven from the engine camshaft, was found to be largely independent of motor speed. 
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Figure 123: Backlit Xenon Flash Spray lmaging 
During operation, the high pressure pump was continua lly supplied with fuel by the standard 
12V positive displacement pump operating at 3.5 bar. This pump drew gasoline fue l from a 3L 
fuel tank through an 8-10 ~m filter and fed it to the input side of the high pressure pump. The 
operating pressure of this pump was also monitored by a gauge on the control panel. This 
configuration also a ll owed low pressure port fuel injectors to be studied. 
A standard high pressure fuel line took the high pressure fuel from the pressure re li ef valve to 
the fuel injector under test. The fu el injector itself was mounted on a rotation s tage attached to 
a three dimensional traverse. One rail of this traverse was controlled by a stepper motor, 
a llowing fine control of the injector position in the radial direction in relation to the static PDA 
measurement volume. The extraction system removed the fuel vapour and vented it through a 
carbon canister to atmosphere. The strength of the extraction system was 1- 2 ms·1 at entry, 
making it negligible in terms of the fuel spray propagation. 
The injection timing was controlled by a custom built electronic programmable timing unit 
which controlled the injection, flash and image recording events and allowed the injection 
duration and timing to be altered with a 10 J.lS resolution. The trigger signals from the timing 
unit were monitored on an oscilloscope to validate accuracy. 
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The whole system was mounted on a box section s teel framework and sat upon lockable wheels 
to allow for easy transportation. The working section was surrounded with blackened sheet 
steel to act as a beam stop for the laser system. A number of experimenta l techniques could be 
applied to the spray including fuel spray imaging, Phase Doppler Anemometry (PDA) to 
measure droplet size and velocity and LIEF analysis of the fuel vapour concentration. 
High Pressure Temperature Cell 
Atmospheric spray rigs are unable to investigate the effect of varying the density o f the 
atmosphere surrounding the spray. Changing either the pressure or temperature alters the 
density of the atmosphere and air density has been shown to significantly affect the 
propagation of the spray [Pitcher et al., (2004)], [Wigley et al., (2004)]. An Otto cycle estimation 
suggests that, for a 10:1 compression ratio engine, the conditions in the combustion chamber at 
atypical start of injection are approximately 7 bar and 250°C under stratified charge operation. 
For a homogeneous system, the in-cylinder conditions are approximately 0.5 bar and 20°C. 
The cell for this project was designed by Lotus engineering and was capable of varying a 
Nitrogen atmosphere between 0.1 and 12 bar pressure and 20° and 100°( temperature. The 
cell had a volume of725 cm3 and was fitted with three 12 mm quartz w indows of85 mm 
diameter which allowed the spray to be visualised. It was supplied with a Nitrogen atmosphere 
through a port buil t into the wall and was regularly purged to prevent fuel droplets on the 
window from degrading the image quality. Four llOW cartridge heaters were fitted to the cell 
in 6 mm reamed bores, placed in each corner of the cell. The cartridge heaters were 115 mm 
long and 6 mm diameter and had a total rating of 440W. The heaters were controlled by a 
'Variac' AC power supply. Additional heating was provided by placing the cell on a hotplate. The 
heat loss of the cell at 100°C was calculated to be 360W and hence during heating it was 
insulated with under-floor insulation cladding. However, to reach 100°C, the preheating time 
required was several hours. 
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Figure 124: High pressure, high temperature cell 
The injection system was controlled by a custom built timing unit which supplied the 5V TTL 
pulse to the injector driver. The nitrogen purging system was also controlled electronica lly 
us ing another custom unit. 
8 .1.2 FUEL SPRAY PROPAGATION IN SUPPORTING APPARATUS AND OPTICAL ENGINE 
The previous work has demonstrated that airflow structures disrupt the spray and significantly 
affect the distribution of fuel droplets. In the following section, M ie images of the fuel spray 
development from the engine are compared with fuel sprays und er atmospheric, high 
backpressure and high temperature conditions in an attempt to understand the interaction 
between the spray and the airflow, and determine whether or not quiescent spray tests can 
provide useful information for characterising sprays under the in-cylinder conditions found in 
homogeneous charge direct injection engines. Empirical quadratic equations were developed to 
predict axial penetration over the first 1 ms of fue l injection. This work was presented at the 
8th International Congress on Engine Combustion Processes on 15th -16th March in Munchen, 
Germany [Stansfield et al., (2007)). 
The 6 stream multi-hole injector was mounted on the atmospheric spray bench, and supplied 
with 95 RON gasoline by a three cylinder GO! pump. The orientation of the injector, (shown in 
the right hand image of Figure 65) directed two of the six radially-spaced plumes in the focal 
plane of the camera, two plumes towards the camera and two plumes away from it. A similar 
orientation was also used in the high-pressure cell and inside the optical engine. 
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A backlit imaging arrangement was used with both the camera and flash panel positioned 300 
mm either side of the injector orifice. The 55 mm Nikon Macro lens was focused on the injector 
tip a t aperture stop 5.6, providing a field of view of approximately 50 mm by 40 mm. Scale and 
background images were taken to calculate penetrati on and cone angle data. 
An injection signal of 2.0 ms was sent to the injector driver by an electronic control unit that 
also initiated the flash and camera software. A 6.5 jlS delay was introduced between the camera 
and flash trigger to maximise the captured light intens ity. The 2.0 ms injection was sufficient to 
establish a fully developed spray cone. Images were recorded every 50 llS between 1.2 ms and 
4.5 ms after the s tart of the electronic signal. Ten images were recorded at each position to 
indicate the shot to shot variation and allow mean images to be calculated. Single injection 
images from the spray bench are provided in Figure 125. 
The same injecti on equipment, imaging equipment and injection settings were tra nsferred to 
the high pressure cell. The camera was again mounted approximately 300 mm from the injector 
tip, but the flash panel was mounted flush w ith the cell body. The cell was filled with Nitrogen 
gas at back pressures of1, 2, 4, 6, 8 and 10 bar, as measured by the Nitrogen bottle's 
manometer, and injections were performed at temperatures of20°, 40°, 60°, 80° and 100°C 
measured by the rmocouples embedded into the cell body. 
Sufficient time e lapsed between the cell being pressurised and the first injection that the 
Nitrogen temperature was assumed to represent the cell temperature. Images were recorded at 
identical times as on the spray bench at each pressure-temperature condition. Between tests, 
the cell was purged with fresh Nitrogen to remove gasoline droplets and vapour, and the cell 
windows were cleaned. Images at standard temperature and pressure are shown in column one 
of Figure 126, with the effect of increased pressure and temperature in columns two and three 
respectively. 
The images from the spray bench and high pressure cell were compar ed with the engine spray 
images from the study described in section 5.1. This study had involved the engine being 
motored at 2000 rpm with standard throttled and Unthrottled EIVC valve profil es. An inj ection 
signal of 2.8 ms injection had then been delivered to the injector driver at 95° ATDC intake. Due 
to the 1.0 ms pre-charge time, fuel left the injector at 110°. Images were collected at 0.6° C.A. 
increments between 110.0° and 124.4°, corresponding to 50 llS steps between 1.20 ms and 2.45 
ms ASOS at 2000rpm, The maximum frame rate of the camera of8 Hz limited image capture to 
one recording every three engine cycles. Mean images of five recordings ar e presented in 
Figure 127, along with in-cylinder pressure measurements taken from the thermodynamic 
engine at identi cal operating conditions. 
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Figure 125: Atmospheric Spray bench, 2000 ~s signal, Atm: 20°C, 1 bar 
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Figure 126: High Pressure, high temperature cell, 2.0 ms signal pulse 
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Optical engine Throttled (top) and Unthrottled (bottom) at 2000 rpm 
Figure 127: Tumble and swirl images at 114.8°, 1.65ms ASOS 
Discussion 
The axial spray penetration was calculated from the mean spray images by plotting iso-
intensity contours that defined the boundaries of the s pray. Due to differences in illumination 
techniques, the intensity at which the contours were drawn varied between the three pieces of 
apparatus. Contours were drawn at 100, 250 and 500 intensity counts for the atmospheric 
bench, the optical engine and the high pressure cell respectively. These were calculated from 
the mean background images without the spray present. On the atmospheric spray bench and 
in the pressure cell, any value below this background level was assumed to contain fuel, while, 
on the engine, any level above the background intensity was assumed to contain fuel. 
A plot of penetration against injection time for the atmospheric bench and the cell is presented 
in Figure 128. The profiles s how that the penetration in the spray bench and cell were 
consistent during the formation of the spray cone. In this region, the momentum of the fuel 
spray dominated. Differences between the two curves were likely due to identification of the 
214 
time at which fuel first appears at the nozzle, selection of the intensity representing the spray 
boundary and that the spray is confined in the cell, which may affect entrainment 
1.0 1.2 1.4 
-+- Spray Bench ~Cell 
1.6 
Time(ms) 
1.8 2.0 
Figure 128: Comparison of Penetration for the Spray Bench and the Cell 
2.2 
The axial penetration data recorded in the cell at 80°C are shown in Figure 129. This condition 
most closely represented the cylinder conditions of the engine. Quadratic best fit profiles were 
calculated by the least squares method. The profiles show a consistent reduction in axial 
penetration as the chamber backpressure and gas density increased. 
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40 ~---------.----------,---------~,---~----------~----, 
y = -20.771x2 + 110.26x - 103.36 
y = -23.644x2 + 116.72x- 107.04 
10 +---------~~~~~~-4-----------+---4y~=~-2~0.~55i7~++1c10~2~.5S:6x~-~9~4~.8~29~ 
y = -19.469x2 + 95.294x- 87.593 
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Figure 129: Spray penetration against backpressure at 80° 
215 
The coefficients of these polynomial curves were plotted and produced an approximately linear 
relationship (Figure 130). From these relationships, an empirical relationship was developed 
that estimated the penetration of the spray against time (Equation 27). 
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Figure 130: Plot of quadratic coefficients against backpressure 
Y = - (0.33P- 22.S)x2 + (3.08P + 117)x + (3.2SP -109) Equation 27 
Both the throttled standard and unthrottled EIVC valve profiles produced sub-atmospheric 
cylinder pressures ofO.S bar. The equation was extrapolated to estimate the fuel spray 
penetration characteristics in the engine at this pressure. This assumed that penetration was 
governed solely by the backpressure and gas density, and took no account of the fuel 
properties. 
The sprays in the throttled engine exhibited significant variations in structure to those from the 
unthrottled case. In the throttled case, the inlet valve was open during the inlet stroke and air 
was forced across the injector tip. The cylinder pressure at which the start of fuel delivery 
occurs was 0.5 bar. The air momentum significantly disrupted the normal spray pattern by 
forcing a large proportion of the fuel from the three nozzle orifices facing the open valves 
towards the left wall of the cylinder (Figure 127). Nevertheless, an axial penetration has still 
been quantified. 
The equation derived was used to predict the spray penetration at 0.5 bar, whkh represented 
the in-cylinder pressure at the start of fuel injection a t 110°. The penetration profile for this 
pressure was compared with the penetration data obtained in the engine for both the throttled 
and un-throttled cases (Figure 131). 
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Figure 131 : Comparison of Throttled, Un-throttled and Extrapolated Penetrations 
The estimated axial penetration and experimental profiles were virtually identical up to 1.8 ms 
ASOS. After this, the equation generally underestimated the unthrottled case and overestimated 
the throttled case, as beyond this time the droplet momentum no longer dominates. 
8 .1 .3 FUEL I NJECTION SYSTEM CHARACTERISATION 
As part of the Hotfire project, the Siemens six hole injector was characterised on the ' Inov8 
Akribis' rate measurement system and backlit Mie imaging. All timing data is relative to the 
start of the electronic pulse to the driver unit [www.inov8.com] 
Akribis rate measurement 
The Akribis rate measurement system was able to provide instantaneous fuel injection rate and 
cumulative injected mass over the opening period of the injector. The system comprised a 
piston inside a hydraulic cylinder which moved against a liquid backpressure when the needle 
was opened. The injector was mounted inside the system and a 2.0 ms signal was provided to 
the injector driver. The position of the piston relative to the cylinder provided the 
instantaneous volume measurement, which was then differentiated to provide the injection 
rate. A voltage probe was connected to the positive pin of the injector and the signal to the 
injector driver, the injected mass and calculated injection rate, along with the pin voltage were 
recorded on a PC. The injector was tested with Stoddard fluid (Table 40) a t a backpressure of 6 
bar. 
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Table 40: Stoddard properties 
Property Value 
Boiling Point 130 - 230°C 
Specific Density 0.765-0795 
Solubility None 
Vapour pressure (kPa at 20°C: 0.1-1.4) 0.1 - 1.4 
The final injection in a series of SO injection events was stored and mean injection rates, 
opening times and injected volumes were calculated from the SO injection series. The stored 
injection was compared to the mean values to ensure it was representative of the series. 
Numerous injectors were tested at various signal durations and injection pressures (Table 41), 
however, the data presented will be limited to the Hotfire injector at its rated injection pressure 
of120 bar. 
Table 41 : Akribis injection rate measurement test conditions 
Injection pressures (bar) 80, 100, 120 
Signal durations (ms) 1250, 1500, 2000, 2500,3000, 3500, 4000 
- Pin Voltage - Injection Rate (mg I ms) - Injected Volume {mg) - Signal (Volts) 
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Figure 132: Voltage trace from Siemens 6 hole multistream injector at 120 bar 
4.0 
The injector driver was activated at T = 0 !15· The 1 ms delay period can be clearly seen. The 
driver electronics were of the 'peak and hold' type, and provided a 4V potential difference 
across the injector pins to facilitate a fast retraction of the injector armature. Once the injector 
was open, it was unnecessary to sustain such a high voltage to keep the injector open, and at 1.4 
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ms, the voltage fell to its 'hold' state of approximately 1 V to reduce power consumption and 
prevent excessive heat from damaging the injector. At 2.0 ms ~s, the signal to the injector driver 
finished and, after a spike due to the inductance of the closing armature, the pin voltage fell to 
zero. 
The needle did not open immediately as soon as the peak voltage was applied. A further 0.21 
ms delay occurred as the electrical field was established and to overcome the inertia of the 
needle and create a fluid velocity out of the injector. Once the injector was opened, 
approximately 0.2 ms was required for the injector to reach its maximum flow rate. Once the 
needle was fully opened, the injector flow rate remained relatively constant, with low 
amplitude fluctua tions due to wave dynamics in the injection system. After the injector s ignal 
ended, the injector remained open for approximately 0.3 ms until the injector began to close. 
The return spring closed the injector more rapidly than the solenoid was able to open it. The 
closing event lasted approximately 0.3 ms. The closing velocity was sufficient to cause a 
'bounce' on its seat and a small quantity of fuel was released after the initial closure (though it 
should be noted the Hotfire injector performed substantia lly better than others in this regard). 
For a 2.0 ms injection signa l, the needle remained open for 1.39 ms on average and delivered 
14.8 mm3 (11.5 mg) of fuel. 
Backlit imaging 
The backlit imaging study from the comparison between test apparatus was used to calculate 
cone angles and penetrations. These images have already been provided in Figure 125. An 
example of the spray, recorded at 1.5 ms after the start of electronic signal, is provided in 
Figure 133. The right hand cone propagated at an angle of 42.5° from the injector axis, and the 
plume divergence was 17.7°. 
Y• O.OOmm 
mm 
Aiir;le • ·38 7S3• 
Angle • ·56 .. 70 
X• O.OOmm Angle . _.7.450' 
Figure 133: Hotfire Spray Geometry 
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8.1.4 HOTFIRE OPTICAL ENGINE SPECIFICATION 
Speed Max. Engine I Valve speed 5000 rpm I 5000 rpm 
Engine Geometry Bore 88mm 
Stroke 82. 1 mm 
Capacity 0.50 Litres 
Compression Ratio 10:1 
Con Rod length 140mm 
Otto Cycle Peak Pressure 25.1 bar 
Piston Piston Bifurcated aluminium piston 
Piston Crown Titanium 
Piston Window Sapphire 
Window Diameter 60 mm (56 mm visible) 
Piston Ring 1 split carbon matrix ring 
Cylinder Optical Liner Full length fused silica liner (15mm) 
Head Cast iron with pent roof 
Cooling Air cooled 
Engine Valves Valve Layout 4 valve in pent roof arrangement 
Valve Activation Lotus Active Valve Train (AVT) 
Hydraulic Valve Pressure Up to 260 bar 
Inlet Valve Diameter 35 mm 
Exhaust Valve Diameter 28.5 mm 
Maximum Valve lift 15 mm 
Maximum Valve velocity 4.5 mls 
Balancing Balancing Primary and secondary balance shafts 
Fuel System Fuel 95 RON gasoline 
GDI Fuel injector 120 bar Siemens 6 hole multistream 
MPI Fuel Injector 3.5 bar Siemens 'Deka VII' injector 
6 hole, Split spray angle, 15° - 30° 
Intake system Intake plenum 60 Litres 
Mass Air Flow Meter Siemens MAF 
Positive Displacement meter Romet G65 
Exhaust system Silencer Commercial Peugeot silencer 
Electric drive Electric Motor 15kW Brook-Hansen Type160 motor 
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8.1.5 CALCULATION OF LAMINAR FLAME SPEED 
Where: 
Su* = Burning Velocity at Datum Conditions 
Bm = Maximum Burning velocity, (occurring at 9 = 9m) = 0.305 for gasoline 
Be = Empirical constant= -0.55 for gasoline 
9m = Equivalence ratio for maximum burning velocity= 1.21 for gasoline 
Therefore; 
Su* = 0.305 + ·0.55 (1- 1.21f = 0.281 mls 
This can be fitted to higher temperatures and pressures with a power law 
Where: 
Su* = 
T = = 
To = 
p = 
Po = 
a = 
f3 = 
T herefor e; 
Su = Su* (T I To) 0 • (P I P0) 13 
Burning Velocity at Datum Conditions 
Engine temperature at time of spark 
Temperature at datum conditions 
Engine Pressure at time of spark 
Pressure at datum conditions 
2.18- 0.8 (9 - 1) = 2.18 for Hotfire 
-0.16 + 0.22 (9- 1) = -0.16 for Hotfire 
For Throttled Operation: 
Su = 0.281 * (6891298) 2.18 . (3.0 1 1) ·O.J6 = 1.46 mls 
For Unthrottled EIVC Operation 
Su = 0.281 * (537 1298) 2.18 . (1.4 1 1) ·0.16 = 0.96 mfs 
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8.1.6 LIEF IMAGES AT 2000 RPM, 5.7 BAR 
Gain: 80% Gain 80%: Gain:30% Gain:30% 
Figure 134: Exciplex at 2000 rpm, 5.7 bar, 68.0° ATDC 
Gain: 80% Gain: 80% Gain: 40% Gain:40% 
Figure 135: Exciplex at 2000 rpm, 5.7 bar, 77.0° ATDC 
Gain: 80% Gain:80% Gain:40% Gain: 40% 
Figure 136: Exciplex at 2000 rpm, 5.7 bar, 77.0° ATDC 
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PFIIiquid PFIVapour GDiliquid GDI Vapour 
Gain:80% Gain: 80% Gain: 80% Gain: 80% 
Figure 137: Exciplex at 2000 rpm, 5.7 bar, 180° ATDC 
Gain: 80% Gain: 80% Gain: 80% Gain: 80% 
Figure 138: Exciplex at 2000 rpm, 5.7 bar, 270° ATDC 
Gain:99% Gain:99% Gain: 99% Gain: 99% 
Figure 139: Exciplex at 2000 rpm, 5.7 bar, 310° ATDC 
223 
8.1.7 HOTFIRE T EST CONDITIONS 
NAME PLANE SPEED IMEP IN LIFT EX LIFT IN MOP EX MOP TIMING Our SOl FOV Start End Rosl 11 OIL LASER liT 
POWER 
(rpm) (baf) (mm) (mm) (deg) (deg) (ms) (deg) (mm) (mm) (deg) (deg) (deg) % (IJS) 
!CLASS PIV TUMBLE 750 WOT 9 35 9 35 465 253 X X X X K 896 1712 16 50 Drffusron 100H 70 
!CLASS PIV TUMBLE 2000 WOT 9 35 935 465 253 X X X X X 888 2088 2 4 50 Drffusion 100H 25 
!CLASS PIV TUMBLE 3500 WOT 935 935 465 253 X X X X X 880 2480 32 50 D1ffusron 100H X 
!CLASS IMAGING (SOl 90) TUMBLE 750 WOT 935 935 465 253 X 2 90 880 821 896 1096 0 2 5 
!CLASS IMAGING (S0190) TUMBLE 750 WOT 935 935 465 253 X 2 120 880 821 1196 1396 02 5 X X X 
!CLASS IMAGING (S0190) TUMBLE 750 WOT 9 35 9.35 465 253 X 2 150 880 821 1496 1696 0 2 5 X X K 
!CLASS IMAGING (SOl 120) TUMBLE 2000 WOT 935 935 465 253 X 2 90 880 821 888 1488 02 5 X X X 
ICLASS IMAGING (SOl 120) TUMBLE 2000 WOT 935 935 465 253 X 2 120 880 821 1188 1788 02 5 X X X 
!CLASS IMAGING (SOl 120) TUMBLE 2000 WOT 935 935 465 253 X 2 150 880 82, 1488 2088 02 5 X X X 
ICLASS IMAGING (SOl 150) TUMBLE 3500 WOT 935 9 35 465 253 X 2 90 880 821 880 1880 02 5 X X X 
!CLASS IMAGING (S01150) TUMBLE 3500 WOT 935 9 35 465 253 X 2 120 880 82 1 1180 2 180 02 5 X X X 
!CLASS IMAGING (SOl 150) TUMBLE 3500 WOT 935 9 35 465 253 X 2 150 880 82, 1<480 2480 02 5 X X X 
SAE PIV Throttled TUMBLE 2000 356 935 935 465 255 35 BTDC X X 400 30 600 2900 10 0 50 Olive 35H 7112/15 
SAE PIV Unthrottled Both TUMBLE 2000 356 165 935 403 255 40 BTDC X X 400 30 600 2900 10 0 50 Otrve 35H 7112115 
SAE PIV Unlhrottled V ton TUMBLE 2000 356 22 935 402 255 40 BTDC X X 400 30 600 290 0 100 50 Ol1ve 35H 7112115 
SAE PIV Unlhrotded V3on TUMBLE 2000 356 22 935 402 255 40 BTDC X X 400 30 600 2900 10 0 50 o rove 35H 7112/15 
SAE PIV Throllled Swort SWIRL 2000 356 935 935 465 255 40 BTDC X X 560 56 600 2900 100 50 Olive 35H 7112/15 
SAE PIV Unthrottled Both SWIRL 2000 356 165 935 403 255 40 BTDC X X 560 56 600 2900 100 50 Olrve 35H 7/12/15 
SAE PIV UnlhrotUed V1on SWIRL 2000 356 22 935 402 255 40 BTDC X X 580 56 600 2900 100 50 OIIVB 35H 7/12/15 
SAE PIV UnlhrotUed V3on SWIRL 2000 356 22 935 402 255 40 BTDC X X 580 56 600 2900 100 50 Otrve 35H 7112/15 
SAE Throttled TUMBLE 2000 356 935 935 465 255 35 BTDC 28 X 880 821 1100 1806 06 5 X X X 
SAE Unthrottled Both TUMBLE 2000 356 165 935 403 255 40 BTDC 28 X 880 82 1 1100 1806 06 5 X X X 
SAE Unlhroltled V1on TUMBLE 2000 356 22 935 402 255 40BTDC 26 X 880 821 1100 1806 0 8 5 X X X 
SAE Unthrollled V3on TUMBLE 2000 356 22 935 402 255 40 BTDC 28 X 880 821 1100 1806 06 5 X X X 
SAE Throltted SWIRL 2000 356 935 935 465 255 35 BTDC 2.8 X 560 56 1100 1606 06 5 X X X 
SAE Unthrottled Both SWIRL 2000 358 165 935 403 255 40 BTDC 28 X 580 56 1100 1806 08 5 X X X 
SAE UnthrottJedVton SWIRL 2000 356 22 935 402 255 40 BTDC 28 X 580 58 1100 1806 06 5 X X X 
SAE Unlhrollled V3on SWIRL 2000 356 22 935 402 255 40 BTDC 28 X 580 58 1100 1806 06 5 X X X 
Slow Combustion Throttled TUMBLE 2000 356 1 65 935 403 255 35 BTDC 28 X 880 821 3250 398 0 4 0 50 X X X 
Slow Combustion ThroiUed SWIRL 2000 356 165 935 403 255 15 BTDC 28 X 560 56 3250 3980 4 0 50 X X X 
Stow CombustiOn UnlhrotUed TUMBLE 2000 356 165 935 403 255 50BTDC 28 X 880 821 3100 398 0 40 50 X X X 
Stow Combustion Untnrotlled SWIRL 2000 356 1 65 935 403 255 50 BTDC 28 X 560 56 3100 398 0 40 50 X X X 
Colour Combustion tmeg1ng TUMBLE 2000 X 38 88 420 256 40 BTDC 235 80 880 821 3200 5100 20 4 X X X 
Slow combustron LOA Setup Potnt 2000 X 165 935 403 255 50 BTDC 211 110 X X X X X X X X X 
Stow combustiOn LOA Setup Po1nt 2000 X 165 935 403 255 50 BTDC 211 110 X X X X X X Dlffusron X X 
Slow com~suon LOA Setup Po1nt 2000 X 1 65 935 403 255 50 BTOC X X X X X X X X Otflus1on X X 
Slow combuslton LOA Setup Potnt 2000 X 1 65 935 403 255 50 BTOC X X X X X X X X Olive X X 
Slow combustron LOA Setup Po1nt 2000 X 1 65 935 403 255 50 BTOC X X X X X X X )t Otrve X X 
Slow combustion LOA Setup Pornt 2000 X 1 65 935 403 255 50 BTDC X X X X X X X X Olrve X X 
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Slow combustoon LOA Setup Po•nt 2000 X 165 935 403 255 50BTDC X X X X X X X X Ohve X X 
Slow combustiOn LOA Setup Po1nt 2000 X 165 935 403 255 50BTOC X X X X X X X X Ohve X X 
Slow Combustoon LOA Point 2000 X 1 65 935 403 255 508TOC X X X X X X X X Ohve X X 
Slow Combust•on LOA Po1nt 2000 X 1 65 935 403 255 50BTDC X X X X X X X X Okve X X 
Slow CombustiOn LOA POint 2000 X 165 935 403 255 50BTDC X X X X X X X X Olive X X 
Slow Combustoon LOA Po1nt 2000 X 1 65 935 403 255 50BTOC X X X X X X X X Olive X X 
Slow Combustion LOA Po1nt 2000 X 165 935 403 255 50 BTDC X X X X X X X X Ohve X X 
Slow Combustoon LOA Potnt 2000 X 165 935 403 255 50 BTDC X X X X X X X X Olive X X 
Slow Combustion LOA Potnt 2000 X 165 935 403 255 50 BTDC X X X X X X X X Olive X X 
Slow Combusloon LOA P01nt 2000 x 165 935 403 255 50BTOC X X X X X x X ~ Olive X X 
Slow Combusloon LOA Pomt 2000 X 165 935 403 255 50BTDC X X ~ X X X X X Olive X X 
Slow combustion LOA POint 2000 X 1 65 935 403 255 50BTOC X X X X X X X X Olive X X 
Slow combustiOn LOA Point 2000 X 165 935 403 255 SOBTDC X X X X X X X X Olive X X 
Slow combustiOn LOA Pomt 2000 X 165 935 403 255 SOBTOC X X X X X X X X Olive X X 
Slow combusuon LOA Pomt 2000 X 165 935 403 255 50BTOC X X X X X X X X Olive X X 
Slow combustion LOA Po1nt 2000 X 165 935 403 255 50BTOC X X X X X X X X Olive X X 
Slow combustion LOA Point 2000 X 165 935 403 255 50BTOC X X X X • X X x Olive • X 
Slow combustiOn LOA Setup P01nt 2000 37 935 935 465 255 35BTDC 22 110 X X X X X X X X X 
Slow combust•on LOA Setup Po1nt 2000 37 9 35 935 465 255 35BTDC X X X X X X X X X X X 
Slow combushon LOA Setup Po.nt 2000 37 935 935 465 255 35BTDC X X X • X X X X X X X 
Slow combust•on LOA Setup Po1nt 2000 37 935 935 465 255 35BTOC X X X X X X X X X X X 
Slow combustion LOA Setup Po•nt 2000 37 9 35 935 465 255 35 BTDC X X X X X X X X X X X 
Slow combustion LOA Setup Po1nt 2000 37 935 935 465 255 35BTOC X X X X X X X X X X X 
Slow combushon LOA Po1nt 2000 X 935 935 465 255 35BTOC X X X X X X X X Olive X X 
Score PIV, 5 7ber 2000 rpm Setup 2000 X 38 B B 420 256 40BTDC 29 110 X X X X X X X X X 
(f1nng) 
Score PIV, 5 7ber 2000 rpm Tumble 2000 X 3B B B 420 256 X X X 540 43 2 800 1150 100 50 Ohve 35H 5110/12 
Score PIV, 5 7ber 2000 rpm Tumble 2000 X 3B B B 420 256 X X X 540 432 800 1150 100 50 Olive 35H 5/10/12 
Score PIV, 5 7ber 2000 rpm Tumble 2000 X 3 8 8 8 420 256 X X X 540 432 800 1150 100 50 Ohve 35H 5110/12 
Score PIV, 3.0bar 3500 rpm Setup 3500 36 38 88 420 256 40BTDC 2 652 X X X X X X X X X 
(flflng) 
Score PIV, 3 Obar 3500 rpm Tumble 3500 36 3 8 88 420 256 X X X X X X X X X Olive 35H 3/5110 
Score PIV, 3 Ober 3500 rpm Tumble 3500 38 38 88 420 256 X X X X X X X X X Obve 35H 3/5110 
Score PIV, 3 Obar 3500 rpm Tumble 3500 36 38 BB 420 256 X X X X X X X X X Olive 35H 3/5110 
Score PIV, 3 Obar 3500 rpm Sw.rl 3500 36 3 8 8 8 420 256 X X X X X X X X X Olive 35H 10/15118 
Score PIV, 5 7ber 2000 rpm Setup 2000 X 38 88 420 256 40BTOC 3 110 X X X X X X Olive X X 
(fmng) 
Score PIV, 3.0bar 3500 rpm Swirl 3500 36 38 88 420 256 X X X )1, X X X X X Ohve 35H 10/15 
InJection Tim1ng lmag1ng Setup Tumble 3500 38 3 8 88 420 256 46BTOC 2 81 2 X X X X X X X X X 
IOJEICI•on lmag•ng Tumble 3500 38 3 8 88 420 256 X 2 812 880 821 652 650 06 5 X X X 
Two Valve high ISFC Tumble 2000 356 22 935 402 255 X 28 X 560 56 1t00 1806 06 5 X X X 
Two Valve h1gh ISFC Tumble 2000 356 22 935 402 255 X 28 X 560 56 1100 1806 06 5 X X X 
Two Valve h1gh ISFC Tumble 2000 356 22 935 402 255 X 28 X 560 56 1100 1806 06 5 X X X 
Two Valve high ISFC Tumble 2000 356 22 935 402 255 X 28 X 560 56 1100 1806 06 5 X X X 
Two Valve h1gh ISFC Tumble 2000 356 22 935 402 255 X 28 X 560 56 1100 1806 06 5 X X X 
Exdplex Tumble 3000 X 935 935 105 615 X 434 50 821 88 500 3100 50 5 X 100H 
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Exciplex Tumble 3000 X 935 935 105 615 X 8 4 X 821 88 50 0 3100 50 5 X 100H 
Exc.plex Tumble 2000 2 7 165 935 403 255 X 185 50 821 88 500 3100 50 5 X 100H 
Exc.plex Tumble 2000 2 7 165 935 403 255 X 8 4 X 82, 88 500 310 0 5 0 5 X 100H 
Valve 3 h19h ISFC Tumble 2000 356 22 935 402 255 X 28 X 560 56 1100 1806 06 5 X X X 
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8.1.8 PUBLIC DISSEMINATION 
In addition to the journal and conference proceedings listed previously, the Hotfire project has 
also been disseminated through the following public sources: 
• In October 2008, the Hotfire project was awarded first place in 'The Engineer' magazines' 
2008 'Technology & Innovation awards'. 
[2008 Award: cde.cerosmedia.com/1R48e0c268e49a4330.cde] 
[2004 Article: www.theengineer.co.uk/ Articles/266803 /Direct+injection.htm] 
• Hotfire was also featured as part of a cover story entitled "Manufacturers turn the spotlight 
on emissions", in Professional Engineering Magazine in November 2004. 
[ www. profeng.co m] 
• The Hotfire combustion concept was featured in an SAE technical brief on future engine 
technologies.[ www.sae.org/automag/tech briefs/02-2005 /1 -113-2-36.pdf] 
Reports on the Hotfire project have also been filed on the following engineering and business 
websites: 
• Goli ath: [www.goliath.ecnext.com/ coms2/gi_0199-3540089 /Going-for-NOx-out.html] (last 
accessed 10/10/2008) 
• Azom.com: [www.azom.comjnews.asp?newsl0=2145) (last accessed 10/10/2008) 
• Edmunds.com: [www.edmunds.com/insidelinejdo/Newsjarticleld=123836] (last accessed 
10/10/2008) 
• Business Weekly: [www.businessweekly.co.uk/2007121931199/engineeringjlotus-in-
research-collaboration.html] (last accessed 25/01/2008) 
• ZER: [ www.zercustoms.comjnewsjLotus-Opticai-Access-Engine.html] (last accessed 
10/10/2008) 
A further collaboration between Lotus Engineering and Continental (formally Siemens VDO 
automotive) exploited the findings of the Hotfire project to develop a Low-C02 demonstrator 
vehicle which was unveiled at the IAA international motor show in Frankfurt in September 
2007 
Low COz press release: www.grouplotus.comj mediacentre_pressreleases/view/378 
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